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20 .  ABSTRACT  ( Con  ti n ued ) . 

with  the  design  approaches  involving  the  three  rock  mass  class!  Ti  cation  systems. 
It  is  concluded  that,  the  current  design  practice  may  lead  to  overdesign  of 
support,  and  recommendations  are  made  for  improved  procedures  that  would  ensure 
the  construction  of  safe  and  more  economical  rock  tunnels.  Finally,  a  few  areas 
are  identified  where  more  research  would  benefit  the  current  tunnel  design 
practice.  ^ 

In  order  to  accomplish  the  main  purpose  of  his  report,  name ly  to  evaluate 
tunnel  design  practices. with  respect  to  rock  mas  i  classification  systems,  the 
following  scope  of  work  was  defined: 

a.  Review  k*xi  st  I ng  classification  systems  in  rock  engineering. 

b.  Provide  a  user's  guide  for  the  most  useful  classification  systems. 

£.  Evaluate  design  practices  on  the  basis  of  a  selected  tunnel  ease 
history . 

d_.  Identify  practical  steps  leading  to  improved  design  of  safe  and 
more  economical  tunnels. 

£.  Recommend  research  requirements  needing  immediate  attention. 

The  above  scope  of  work  was  accomplished  during  this  study,  and  the  proce¬ 
dures,  results,  ;uui  discussions  are  presented  in  this  report . 
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PREFACE 


This  report  contains  the  results  of  an  Investigation  by  Prof  Z.  T. 
Bieniawskl  of  Pennsylvania  State  University,  University  Park,  Pa.  Funds 
for  this  study  wore  provided  the  U.  S.  Army  Engineer  Waterways  Experi¬ 
ment  Station  (WES)  under  Purchase  Order  DACW39-78-M-3JT.4 . 

The  study  was  performed  in  FY  78  under  the  direction  of  Dr.  D.  C. 
Banks,  Chief,  Engineering  Geology  and  Rock  Mechanics  Division  (EG&RMD), 
Geotechnical  Laboratory  (GL) ,  and  Messrs.  J.  P.  Sale  and  R.  G.  Ahlvin, 
Chief  and  Assistant  Chief,  respectively,  GL.  The  contract  was  monitored 
by  Mr.  J.  S.  Hule,  Chief,  Rock  Mechanics  Branch  (RMB),  EG&RMD.  Mr.  G.  A. 
Nicholson,  RMB,  assisted  with  the  geological  data  collection  and  inter¬ 
pretation  for  the  case  history  study  of  the  Park  River  Tunnel. 

The  Commanders  and  Directors  of  the  WES  during  this  study  and 
preparation  of  this  report  were  COL  J.  L.  Cannon,  CE,  and  COL  N.  P. 
Conover,  CE.  The  Technical  Director  was  Mr.  F.  R.  Brown. 
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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (SI) 

UNITS  OF  MEASUREMENT 

U.  S.  customary  units  of  measurement  used  in  this  report  can  be  con¬ 
verted  to  metric  (SI)  units  as  follows: 


_ Multiply _ 

feet 

gallons  per  minute 

inches 

kips  (force)  per  square 
foot 

miles  (U.  S.  statute) 

pounds  (force) 

pounds  (force)  per  square 
inch 

pounds  (force)  per  square 
foot 

pounds  (mass)  per  cubic 
foot 

square  foot 


_ Sr _ _ 

0. 3048 
3.785412 
25.4 

47.8802b 

1.609344 
4.448222 
6.894  75  7 

47.8802b 

16.01846 

0.09290304 


_ To  Obtain _ 

metres 

cubic  decimetres  per  minute 
mill imetres 
ki lopascals 

ki loraetres 

newtons 

kllopascals 

pascal s 

kilograms  per  cubic  metre 
square  metres 
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TUNNEL  DESIGN  BY  ROCK  MASS  CLASSIFICATIONS 


"The  origin  of  the  science  of  classification  goes  hack 
to  the  writings  of  the  ancient  Greeks;  however,  the 
process  of  classification  —  the  recognition  of 
similarities  and  the  grouping  of  objects  based  thereon 
—  diites  to  primitive  man." 

Prof.  Robert  R.  Socal  —  Presidential 
Address  to  the  U.  S.  Classification 
Society  (Chicago,  1972). 

PART  I:  INTRODUCTION 

1.  The  design  of  tunnels  in  rock  currently  utilizes  three  main 
approaches:  analytical,  observational,  and  empirical.  In  view  of  the 
very  complex  nature  of  rock  masses  and  the  difficulties  encountered  with 
their  characterization,  the  analytical  approach  is  the  least  used  in  the 
present  engineering  practice.  The  reason  for  it  does  not  lie  in  the 
analytical  techniques  themselves,  since  some  have  been  developed  to  a 
high  degree  of  sophistication,  but  in  the  inability  to  furnish  the 
necessary  input  data  as  the  ground  conditions  are  rarely  adequately 
explored.  Consequently,  such  analytical  techniques  as  the  finite  element 
method,  the  boundary  element  method,  closed  form  mathematical  solutions, 
photoelasticity  or  analogue  simulation  are  only  useful  for  assessing  the 
influence  of  the  various  parameters  or  processes  (but  one  at  a  time)  and 
for  comparing  alternative  design  schemes;  they  are  the  methods  of  the 
future  not  as  yet  acceptable  as  the  practical  engineering  means  for  the 
design  of  rock  tunnels. 

2.  The  observational  approach,  of  which  the  New  Austrian  Tun¬ 
neling  Method  is  the  best  example,  is  based  on  observations  and  moni¬ 
toring  of  tunnel  behavior  during  construction  and  selecting  or  modifying 
the  support  as  the  project  proceeds.  This  represents  essentially  a 
"build  as  you  go"  philosophy  since  the  support  is  adjusted  during  con¬ 
struction  to  meet  the  changes  in  ground  conditions.  This  approach  is 
nevertheless  based  on  a  sound  premise  that  a  flexible  tunnel  lining. 


utilizing  the  Inherent  ability  of  the  rock  to  support  itself.  Is  pref¬ 
erable  to  a  rigid  one.  In  practice,  a  combination  of  rockbolts  and 
shotcrete  is  used  to  prevent  excessive  loosening  in  the  rock  mass  but 
allowing  it  to  deform  sufficiently  to  develop  arching  and  self-support 
characteristics.  The  problem  with  this  approach  is,  however,  that  it 
requires  special  contractual  provisions:  these  may  be  suitable  for  the 
European  practice  for  which  they  were  evolved  over  many  years  of  trial 
and  error,  but  are  not  easily  adaptable  to  the  established  U.  S.  con¬ 
tracting  procedures. 

3.  The  empirical  approach  relates  the  experience  encountered  at 
previous  projects  to  the  conditions  anticipated  at  a  proposed  site.  If 
an  empirical  design  is  backed  by  a  systematic  approach  to  ground  classi¬ 
fication,  it  can  effectively  utilize  the  valuable  practical  experience 
gained  at  many  projects,  which  is  so  helpful  to  exercising  one's  engi¬ 
neering  Judgment.  This  is  particularly  important  since,  to  quote  a 
recent  paper:*  "A  good  engineering  design  is  a  balanced  design  in  which 
all  the  factors  which  interact,  even  those  which  cannot  be  quantified, 
are  taken  into  account;  the  responsibility  of  the  design  engineers  is 
not  to  compute  accurately  but  to  judge  soundly." 

4.  Rock  mass  classifications,  which  thus  form  the  backbone  of  the 
empirical  design  approach,  are  widely  employed  in  rock  tunneling  and 
most  of  the  tunnels  constructed  at  present  in  the  United  States  make  use 
of  some  classification  system.  The  most  extensively  used  and  the  best 
known  of  these  is  the  Terzaghi  classification  which  was  introduced  over 
30  years  ago.' 


3.  In  fact,  rock  mass  classifications  have  been  successfully 

2— 7—8 

applied  throughout  the  world:  in  the  United  States, '  Canada, 

Western  Europe,1*  *'  South  Africa,**  ***  Australia,*^  New  Zealand,*5* 

19  20  21  22 

Japan,  USSR,1-  and  in  some  East  European  countries.  '  *  Some  classi¬ 
fication  systems  were  applied  not  only  to  tunneling  but  also  to  rock 
foundations,'**''*  rock  slopes,'^’  and  even  mining  problems.**1 


*  Personal  communication  with  K.  W.  John,  1978 


o.  The  purpose  of  this  report  is  to  evaluate  tunnel  design 
practices  with  respect  to  rock  mass  classification  systems  and  partic¬ 
ularly  those  which  have  been  introduced  in  the  recent  years,  have  been 
tried  out  on  a  large  number  of  tunneling  projects,  and  have  offered  a 
prtctical  and  acceptable  alternative  to  the  classical  Terzaghi  clas¬ 
sification  of  194b, 


PART  II: 


CLASSIFICATION  SYSTEMS  IN  ROCK  ENGINEERING 


7.  A  statement  made  in  1972  during  the  First  Rapid  Excavation  and 

Tunneling  Conference^  is  still  appropriate  for  summarizing  the  present 

state  of  tunneling  technology: 

"Predicting  support  requirements  for  tunnels  has,  for 
many  years,  been  based  on  observation,  experience  and 
personal  judgment  of  those  involved  in  tunnel  con¬ 
struction.  Barring  an  unforseen  breakthrough  in 
geophysical  techniques  for  making  tunnel  sites  inves¬ 
tigations,  the  prediction  of  support  requirements  for 
future  tunnels  will  require  the  same  approach." 

Rock  mass  classifications  can,  if  fulfilling  certain  conditions,  effect¬ 
ively  combine  the  findings  from  observation,  experience,  and  engineering 
judgment  for  providing  a  quantitative  assessment  of  rock  mass  conditions. 

8.  A  rock  mass  classification  has  the  following  purposes  in  a 
tunneling  application: 

a.  Divide  a  particular  rock  mass  into  groups  of  similar 
behavior. 

b.  Provide  a  basis  for  understanding  the  characteristics  of 
each  group. 

c.  Facilitate  the  planning  and  the  design  of  excavations  In 
rock  by  yielding  quantitative  data  required  for  the  solu¬ 
tion  of  real  engineering  problems. 

d.  Provide  a  common  basis  for  effective  communication  among 
all  persons  concerned  with  a  tunneling  project. 

9.  These  aims  can  be  fulfilled  by  ensuring  that  a  classification 
system  has  the  following  attributes: 

a.  Simple,  easily  remembered,  and  understandable. 

b_.  Each  term  clear  and  the  terminology  used  widely  accept¬ 
able  . 

c.  Only  the  most  significant  properties  of  rock  masses 
included . 

ci.  Based  on  measurable  parameters  that  can  be  determined  by 
relevant  tests  quickly  and  cheaply  in  the  field. 

e.  Based  on  a  rating  system  that  can  weigh  the  relative 
importance  of  the  classification  parameters. 

i_.  Functional  by  providing  quantitative  data  for  the  design 
of  tunnel  support. 
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£.  General  enough  so  that  the  same  rock  mass  will  possess 
the  same  basic  classification  regardless  whether  it  is 
being  used  for  a  tunnel,  a  slope,  or  a  foundation. 

10.  To  date  many  rock  mass  classification  systems  have  been  pro¬ 
posed,  the  better  known  of  these  being  the  classifications  by  Terzaghi 

2  9  3 

(1946),  Lauffer  (1958),  Deere  (1964),  Wickham,  Tiedemann,  and  Skinner 
(1972),^  Bieniawski  (1973),^  and  Barton,  Lien,  and  Lunde  (19 74 ) . ^ ^ 

These  classification  systems  will  be  discussed  in  detail  while  other 
classifications  can  be  found  in  the  references. 

11.  The  six  classifications  named  above  were  selected  for  de¬ 
tailed  discussion  because  of  their  special  features  and  contributions  to 

the  subject  matter.  Thus,  the  classical  rock  load  classification  of 
2 

Terzaghi,  the  first  practical  classification  system  introduced,  has 

been  dominant  in  the  United  States  for  over  30  years  and  has  proved  very 

9 

successful  for  tunneling  with  steel  supports.  Lauffer's  classification 

26 

based  on  work  of  Stini  was  a  considerable  step  forward  in  the  art  of 
tunneling  since  it  introduced  the  concept  of  the  stand-up  time  of  the 
active  span  in  a  tunnel  that  is  most  relevant  for  determination  of  the 

3 

type  and  the  amount  of  tunnel  support.  Deere's  classification  intro¬ 
duced  the  rock  quality  designation  (RQD)  index,  which  is  a  simple  and 
practical  method  of  describing  the  quality  of  rock  core  from  borings. 

The  concept  of  rock  structure  rating  (RSR),  developed  in  the  United 

5  6 

States  by  Wickham,  Tiedemann,  and  Skinner,  ’  was  the  first  system 
assigning  classification  ratings  for  weighing  the  relative  importance  of 

classification  parameters.  The  Georaechanics  Classification  proposed  by 

13  12 

Bieniawski  and  the  Q-System  proposed  by  Barton,  Lien,  and  Lunde  were 

developed  independently  (in  1973  and  1974,  respectively),  and  both  these 

classifications  provide  quantitative  data  enabling  the  selection  of 

modern  tunnel  reinforcement  measures  such  as  rockbolts  and  shotcrete. 

The  Q-System  has  been  developed  specifically  for  tunnels,  while  the 

Geomechanics  Classification,  although  also  initially  developed  for 

tunnels,  has  been  applied  to  rock  slopes  and  foundations,  ground  rip- 

23 

pability  assessment,  as  well  as  to  mining  problems. 
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12.  Some  comparisons  have  been  made  between  the  various  classl- 

f.  ..  .  17,18,23,27,28,29  ....... 

float  ion  systems.  One  detailed  comparison  -was  made  bv 

23  30 

the  author  during  the  construction  of  a  railroad  tunnel,  which  was 

18  ft*  wide  and  2.4  miles  long.  This  tunnel  was  characterized  by  highly 

variable  rock  conditions — from  very  poor  to  very  good.  In  addition,  a 

one-year  tunnel-monitoring  program  featuring  lb  measuring  stations 

enabled  correlation  between  the  classification  ratings  .it  rock  conditions 

with  the  amount  of  rock  movement,  the  rate  of  face  advance,  and  the 

support  used.  This  project  thus  afforded  an  ideal  opportunity  for 

comparison  of  the  various  classification  systems.  The  results  of  tills 

comparison  are  given  In  Table  1. 

13.  It  is  widely  believed  that  the  design  of  undeiground  excava- 

,  ,  28 

t  ions  is,  to  a  large  extent,  the  design  ot  underground  support  systems. 
This  means  that  since  rock  mass  classifications  are  used  as  tunnel 
design  methods,  they  must  be  evaluated  with  respect  to  the  guidelines 
that  they  provide  for  the  selection  of  tunnel  support.  In  this  connec¬ 
tion,  however,  it  must  be  remembered  that  tunnel  support  may  be  regarded 
as  the  primary  support  (otherwise  known  as  the  temporary  support)  or  the 
permanent  support  (usually  concrete  lining).  Primary  support  (e.g., 
rockbolts,  shotcrete,  or  steel  ribs)  is  invariably  installed  closely  to 
the  tunnel  face  shortly  after  the  excavation  is  completed.  Its  purpose 
is  to  ensure  tunnel  stability  until  tin*  concrete  lining  is  installed. 

14.  It  should  not  be  overlooked  that  the  primary  support  may 
probably  be  able  to  carry  all  the  load  ever  acting  on  the  tunnel.  After 
all,  modern  supports  do  not  deteriorate  easily  ami  the  traditional 
concept  of  the  temporary  and  permanent  support  is  losing  its  meaning. 

In  some  European  countries,  for  example,  Austria,  Germany,  Sweden,  and 
Norway,  only  one  kind  ol  support  is  understood,  generally  a  combination 
.if  rockbolts  and  shotcrete,  and  concrete  linings  are  considered  unnec¬ 
essary  if  tunnel  monitoring  shows  stabilization  ol  rock  movements.  Tills 


*  A  table  of  factors  for  converting  U.  S.  customary  units  ol  measure¬ 
ment  to  metric  (SI)  units  is  presented  on  page  4. 
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Is  the  case  for  highway  and  railroad  tunnels,  while  water  tunnels  may 
feature  concrete  linings,  not  for  structural  stability  reasons  but  to 
reduce  surface  friction  and  to  prevent  water  leakage  Into  the  rock. 

IS.  Consequently,  the  use  of  the  concept  of  the  primary  and  the 
permanent  supports  may  well  lead  to  overdesign  ot  tunnels  since  the 
so-called  primary  support  may  be  all  that  Is  necessary  and  the  concrete 
lining  only  serves  as  an  expensive  cosmetic  feature  acting  psycholog¬ 
ically  to  bolster  public  confidence  In  the  safety  of  the  tunnel.  The 
only  justification  for  placing  concrete  lining  may  be  that  since  the 
current  knowledge  of  rock  tunnel  engineering  is  still  Incomplete,  a 
radical  departure  from  the  customary  methods  oi  design  may  not  be  advis¬ 
able.  However,  the  possibility  of  tunnel  overdesign  should  not  be 
overlooked,  and  methods  id  minimizing  this  possibility,  without  jeop¬ 
ardizing  tunnel  safety,  should  be  constantly  sought. 

Terzaghl'w  Rock  load  Class! t lent  ion 

lb.  Since  the  purpose  of  this  report  is  to  evaluate  other  than 
the  Terzaght  classification  system  and  since  his  classification  is  lully 
treated  both  In  Proctor  and  White's  book”  and  in  KM  1110-2-2901,  '  it 
will  not  be  repeated  here.  However,  for  the  sake  ol  completeness  and 
because  of  Its  historical  importance,  and  main  features  ol  Terzaghi's 
rock  load  classification  are  given  in  Appendix  A. 

17.  Terzaghi's  contribution  lies  in  fortnulat ing,  over  10  years 
ago,  the  tlrst  rational  method  ol  evaluating  rock  loads  appropriate  to 
the  design  of  steel  sets.  This  was  an  Important  development,  because 
support  by  steel  sets  has  been  the  most  commonly  used  system  for  con¬ 
taining  rock  tunnel  excavations  during  the  past  'll)  years.  It  must  be 
emphasized,  however,  that  while  this  c lass l f leaf  Ion  is  appropriate  for 
the  purpose  for  which  it  was  evolved,  l.e.,  for  estimating  rock  loads 
for  steel— arch  supported  tunnels,  it  is  not  so  suitable  lor  modern 
tunneling  methods  using  shotcrete  and  roekbolts.  Alter  detailed  studies, 
Coe 1 l  concluded  that  Terzaghi's  classification  was  too  general  to 
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permit  an  objective  evaluation  of  rock  quality  ami  that  It  provided  no 
quantitative  Information  on  the  properties  of  rock  masses. 

1,-mf  for  1  s  Cl  ass  1  f  lea  1 1  on 

q 

18.  The  18S8  classification  by  haulier  has  Its  toundatlon  In  the 

26 

earlier  work  on  tunnel  geology  hv  Stlnl,  who  Is  considered  as  the 
father  of  the  "Austrian  School"  of  tunneling  and  rock  mechanics.  Stlnl 
emphasized  the  importance  of  structural  defects  In  rock  masses.  l.anlier 
proposed  that  the  stand-up  time  for  any  active  unsupported  rock  span  Is 
related  tv'  the  various  rock  mass  classes  as  shown  In  the  diagram  In 
Figure  1.  An  active  unsupported  span  Is  the  width  of  the  tunnel  or  the 
distance  from  the  face  to  the  support  II  tills  is  less  than  the  tunnel 
width.  The  stand-up  time  Is  the  period  of  time  that  a  tunnel  will  stand 
unsupported  after  excavation.  It  should  In’  noted  that  a  numbei  ol 
factors  may  affect  the  stand-up  time,  as  Illustrated  d 1 agramma t  lea  1 1 v  In 
Figure  2.  haulier's  original  classification  Is  no  longer  used  since  it 
has  been  modified  a  number  of  times  by  other  Austrian  engineers,  notable 
von  Rahcewi  c  7. ,  Hosier,  and  l’aeher.^ 

18.  The  main  significance  of  haulier's  classification  Is  that 
Figure  1  shows  how  an  increase  In  a  tunnel  span  leads  to  a  drastic 
reduction  in  the  stand-up  time.  This  means,  lor  example,  that  while  a 
pilot  tunnel  having  a  small  span  may  be  successful Iv  constructed  lull 
face  in  fair  rock  conditions,  a  large  span  opening  in  this  same  rock  may 
prove  impossible  to  support  in  terms  ol  the  stand-up  time.  Onlv  a 
system  of  smaller  headings  and  benches  or  multiple  drifts  can  enable  a 
large  cross-sect  ion  tunnel  to  be  constructed  in  such  rock  conditions. 

20.  A  disadvantage  ol  a  haul fer-t vpe  class! 1 icat ion  is  that  these 
two  parameters,  the  stand-up  time  and  the  span,  are  dilficult  to  estab¬ 
lish  and  rather  much  is  demanded  of  practical  experience.  Nevertheless , 
this  concept  Introduced  the  stand-up  time  and  the  span  as  the  two  most 
relevant  parameters  for  the  determination  of  the  I vpe  and  amount  ot 

tunnel  support,  and  this  has  Influenced  the  development  o!  more  re. -out 

1  1 

rock  mass  c I  ass  1 1 1 ca t i on  svsfoms. 


Figure  1.  Lauffer's  relationship  between  active  span  and 
stand-up  time  for  different  classes  of  rock  mass: 

A  -  very  good  rock,  G  -  very  poor  rock 


TIME 

a.  ORIENTATION  OE  TUNNEL  AXIS 


TIME 

C.  EXCAVATION  ME  THOD 


T  IMI 


b.  FORM  OF  CROSS  SECTION 


d.  SUPPORT  METHOD 


re  2.  Factors  influencing  rock  mass  stability  during  tunneling 
(schematically  after  Lauffer?) 


Poore's  Rock  Quality  Designation 


21.  Deere  proposed  In  1964  a  quantitative  Index  based  on  a 

modified  core  recovery  procedure  which  Incorporates  only  those  pieces  of 

core  that  are  4  In.  or  greater  In  length.  This  RQD  has  been  widely  used 

4 

and  has  been  found  very  useful  for  selection  of  tunnel  support. 

22.  For  RQD  determination,  the  International  Society  for  Rock 

Mechanics  recommends  a  core  size  of  at  least  NX  diameter  (2.16  in.) 

drilled  with  double-barrel  diamond  drilling  equipment.  The  following 

relationship  between  the  RQD  Index  and  the  engineering  quality  of  the 

3 


rock  was  proposed  by  Deere: 

RQ1),  percent 

-  25 
25-50 
50-75 
75-90 
90-100 

23.  Cording,  Hendron,  and  Deere 
index  to  Terzaghi's  rock  load  factor, 
lation  for  steel-supported  tunnels  but 
rockbolts,  as  is  evident  from  Figure  3 

Terzaghi's  rock  load  concept  should  be 

,  34 

steel  sets. 


Rock  totality 

Very  Poor 
Poor 
Fair 
Good 

Excel  lent 
33 

attempted  to  relate  the  RQD 
They  found  a  reasonable  corre- 
not  for  openings  supported  by 
.  Tills  supports  the  opinion  thn 
limited  to  tunnels  supported  by 
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24.  Merrit  found  that  the  RQD  could  be  of  much  value  in  esti¬ 
mating  support  requirements  for  rock  tunnels  as  demonstrated  In  Figure  4. 
He  pointed  out  a  limitation  of  the  RQD  index  in  areas  where  the  joints 
contain  thin  clay  fillings  or  weathered  material.  The  influence  of  clay 
seams  and  fault  gouge  on  tunnel  stability  was  discussed  by  Hrekke  and 
Howard. 

25.  Although  the  RQD  Is  a  quick  and  inexpensive  index,  it  has 
considerable  limitations  by  disregarding  Joint  orientation,  tightness, 
and  gouge  material.  Consequently,  while  it  is  a  practical  parameter  for 
core  quality  estimation.  It  Is  not  sufficient  on  Its  own  to  provide  an 
adequate  description  of  a  rock  mass. 


14 
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Figure  3.  Comparison  of  roof 
rib-supported  tunnels  and 
(after  Cording 


support  designs  for  steel 
f^r  rock— bolted  caverns 
and  Deere34) 


RSK  Concept 


26.  The  RSR  Concept,  a  ground  support  prediction  model,  was 
developed  in  the  United  States  in  1972  by  Wickham,  Tiedemann,  and 
Skinner. The  concept  presents  a  quantitative  method  for  describing 
the  quality  of  a  rock  mass  and  for  selecting  the  appropriate  ground 
support.  It  was  the  first  complete  rock  mass  classification  system 
proposed  since  that  introduced  by  Terzaghi  in  1946. 

27.  The  RSR  Concept  was  a  step  forward  in  a  number  of  respects: 
firstly,  it  was  a  quantitative  classification  unlike  Terzaghi 's  quali¬ 
tative  one;  secondly,  it  was  a  rock  mass  classification  incorporating 
many  parameters  unlike  the  KQ1)  index  that  is  limited  to  core  quality; 
thirdly,  it  was  a  complete  classification  having  an  input  and  an  output 
unlike  a  Lauffer-type  classification  that  relies  on  practical  experience 
to  decide  on  a  rock  mass  class,  which  will  then  give  an  output  in  terms 
of  the  stand-up  time  and  span. 

28.  Hie  main  contribution  of  the  RSR  Concept  was  that  it  intro¬ 
duced  a  rating  system  for  rock  masses.  This  was  the  sum  of  weighted 
values  of  the  individual  parameters  considered  in  this  classification 
system.  In  other  words,  the  relative  importance  of  the  various  classi¬ 
fication  parameters  could  be  assessed.  This  rating  system  was  determined 
on  the  basis  of  case  histories  as  well  as  reviews  of  various  books  and 
technical  papers  dealing  with  different  aspects  of  ground  support  in 
tunne l ing. 

29.  The  RSR  Concept  considered  two  general  categories  of  factors 
influencing  rock  mass  behavior  in  tunneling:  geologic  parameters  and 
construction  parameters.  The  geologic  parameters  were:  (a)  rock  type, 
(b)  joint  pattern  (average  spacing  of  joints),  (c)  joint  orientations 
(dip  and  strike),  (d)  type  of  discontinuities,  (e)  major  faults,  shears, 
and  folds,  (f)  rock  material  properties,  and  (g)  weathering  or  alter¬ 
ation.  Some  of  these  factors  were  treated  separately;  others  were 
considered  collectively.  The  authors  pointed  out  that  in  some  instances 
it  would  be  possible  to  accurately  define  the  above  factors,  but  In 
others,  only  general  approximations  could  be  made.  The  construction 


parameters  were:  (a)  size  of  tunnel,  (b)  direction  of  drive,  and 
(c)  method  of  excavation. 

30.  All  the  above  factors  were  grouped  by  Wickham,  Tiedemann,  and 
Skinner'*  into  three  basic  parameters.  A,  B,  and  C  (Tables  2,  3,  and  4, 
respectively),  which  in  themselves  were  evaluations  as  to  the  relative 
effect  on  the  support  requirements  of  various  geological  factors.  These 
three  parameters  were  as  follows: 

a^.  Parameter  A.  General  appraisal  of  rock  structure  is  on 

the  basis  of: 

(1)  Rock  type  origin  (igneous,  metamorphic,  sedimentary). 

(2)  Rock  hardness  (hard,  medium,  sof t ,' decomposed) . 

(3)  Geologic  structure  (massive,  slightly  faulted/folded, 
moderately  faul ted/f olded ,  intensely  faulted/folded). 

h^.  Parameter  B.  Effect  of  discontinuity  pattern  with  respect 

to  the  direction  of  tunnel  drive  is  on  the  basis  of: 

(1)  Joint  spacing. 

(2)  Joint  orientation  (strike  and  dip). 

(3)  Direction  of  tunnel  drive. 

£.  Parameter  C.  Effect  of  groundwater  inflow  is  based  on: 

(1)  Overall  rock  mass  quality  due  to  parameters  A  and  B 
combined . 

(2)  Joint  condition  (good,  fair,  poor). 

(3)  Amount  of  water  inflow  (in  gallons  per  minute  per 
foot  of  the  tunnel). 

31.  The  RSR  value  of  any  tunnel  section  is  obtained  by  summarizing 
the  weighted  numerical  values  determined  for  each  parameter.  This 
reflects  the  quality  of  the  rock  mass  with  respect  to  its  need  for 
support  regardless  of  the  size  of  the  tunnel.  The  relation  between  RSR 
values  and  tunnel  size  is  taken  into  consideration  in  the  determination 
of  respective  rib  ratios  (RR),  as  discussed  below.  Since  a  lesser 
amount  of  support  was  expected  for  machine-bored  tunnels  than  when 
excavated  by  drill  and  blast  methods,  it  was  suggested  that  RSR  values 

be  au justed  for  machine-bored  tunnels  in  the  manner  given  in  Figure  5. 
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Figure  5.  RSR  concept-adjustment  for 
machine  tunneling 

32.  It  should  be  noted  that  Tables  2,  3,  and  4  are  reproduced  not 
from  the  original  reference"*  but  from  a  paper ^  published  two  years 
later,  because  the  RSR  ratings  were  changed  in  1974  and  the  latter  paper 
represents  the  latest  information  available. 

33.  In  order  to  correlate  RSR  values  with  actual  support  in¬ 
stallations,  a  concept  of  the  RR  was  introduced.  The  purpose  was  to 
have  a  common  basis  for  correlating  RSR  determinations  with  actual  or 
required  installations.  Since  90  percent  of  the  case  history  tunnels 
were  supported  with  steel  ribs,  the  RR  measure  was  chosen  as  the  theo¬ 
retical  support  (rib  size  and  spacing).  It  was  developed  from  Terzaghi's 
formula  for  determining  roof  loads  in  loose  sand  below  the  water  table 

(datum  condition).  Using  the  tables  provided  in  Rock  Tunneling  with 

•> 

Steel  Supports,"-  the  theoretical  spacing  required  for  the  same  size  rib 
as  used  in  a  given  case  study  tunnel  section  was  determined  for  the 
datum  condition.  The  RR  value  is  obtained  by  dividing  this  theoretical 
spacing  by  the  actual  spacing  and  multiplying  the  answer  by  100.  Thus, 

RR  ■  4h  would  mean  that  the  section  required  only  4b  percent  of  the 
support  used  for  the  datum  condition.  However,  different  size  tunnels, 
although  having  the  same  RR  would  require  different  weight  or  size  of 
ribs  for  equivalent  support.  The  RR  for  an  unsupported  tunnel  would  be 
zero  and  would  be  100  for  a  tunnel  requiring  the  same  support  as  the 
datum  condition. 


34.  A  total  ot  53  projects  were  evaluated,  but  since  each  tunnel 
was  divided  into  typical  geological  sections,  a  total  of  190  tunnel 
sections  were  analyzed.  The  HSR  and  RR  values  were  determined  for  each 
section,  and  actual  support  installations  were  obtained  from  as-built 
drawings.  The  support  was  distributed  as  follows: 


Sections  with  steel  ribs 

147 

(  89.67.) 

Sections  with  rockbolts 

14 

(  8.67) 

Sections  with  shotcrete 

3 

(  1.87) 

Total  supported 

164 

(100.07) 

Total  unsupported 

26 

Total 

190 

sections 

35.  An  empirical  relationship  was  developed  between  RSR  and  RR 

values,  namely: 

(RR  +  80) (RSR  ♦ 

30) 

-  8800 

(Reference  i 

or 

(RR  +  70) (RSR 

♦  8) 

-  6000 

(Reference 

It  was  concluded  that  rock  structures 

with 

RSR  values 

less  than  19 

would  require  heavy  support  while  those  with  ratings  of  80  and  over 
would  be  unsupported. 

3b.  Since  the  RR  basically  defined  an  anticipated  rock  load  by 
considering  the  load-carrying  capacity  of  different  sizes  of  steel  ribs, 
the  RSR  values  were  also  expressed  in  terms  of  unit  rock  loads  for 
various  sized  tunnels  as  given  in  Table  5. 

37.  The  RSR  prediction  model  was  developed  primarily  with  respect 
to  steel  rib  support. h  Insufficient  data  were  available  to  correlate 
rock  structures  and  rockbolt  or  shotcrete  support.  However,  an  appraisal 
of  rockbolt  requirements  was  made  by  considering  rock  loads  with  respect 
to  the  tensile  strength  of  the  bolt.  The  authors  pointed  out'*  that  this 
was  a  very  general  approach:  it  assumed  that  anchorage  was  adequate  and 
that  all  bolts  acted  in  tension  only;  it  did  not  allow  either  for  inter¬ 
action  between  adjacent  blocks  or  for  an  assumption  of  a  compression 
arch  formed  by  the  bolts.  In  addition,  the  rock  loads  were  developed 
for  steel  supported  tunnels.  Nevertheless,  the  following  relation  was 
given  for  l-tn.-di.im  rockbolts  with  a  working  load  of  24,000  lb: 


20 


Spacing  (ft) 


24 

W 


where  W  is  the  rock  load  in  1000  psf. 

38.  No  correlation  could  be  found  between  geologic  prediction  and 
shotcrete  requirements,  so  that  the  following  empirical  relationship  was 
suggested : 


t 


1  + 


1.25 


or 


(65  -  RSR) 


where 


t  =  shotcrete  thickness,  in. 

W  =  rock  load 

D  =  tunnel  diameter,  ft 

39.  Support  requirement  charts  have  been  prepared  that  provide  a 
means  of  determining  typical  ground  support  systems  based  on  a  RSR 
prediction  as  to  the  quality  of  rock  structure  through  which  the  tunnel 
is  to  be  driven.  Charts  for  10-,  20-,  and  24-ft-diam  tunnels  are  shown 
in  Figures  6,  7,  and  8,  respectively.  Similar  charts  could  be  used  for 
other  tunnel  sizes.  The  three  steel  rib  curves  reflect  typical  sizes 
used  for  the  particular  tunnel  size.  The  curves  for  rockbolts  and  shot¬ 
crete  are  dashed  to  emphasize  that  they  are  based  on  assumptions  and 
were  not  derived  from  case  histories.  The  charts  are  applicable  to 
either  circular  or  horseshoe-shaped  tunnels  of  comparable  widths. 

40.  The  author  believes  that  the  RSR  Concept  is  a  very  useful 
method  for  selecting  steel  rib  support  for  rock  tunnels.  As  with  any 
empirical  approaches,  one  should  not  apply  a  concept  beyond  the  range  of 
sufficient  and  reliable  data  used  for  developing  the  concept.  For  this 
reason,  the  RSR  Concept  is  not  recommended  for  selection  of  rockbolt  and 
shotcrete  support.  However,  be  use  of  its  usefulness  for  steel  rib 
support  determination,  the  author  prepared  an  input  data  sheet  for  this 
classification  system  (see  Appendix  B).  It  should  be  noted  that  although 
the  definitions  of  the  classification  parameters  were  not  explicitly 
stated  by  the  proposers, ^  most  of  the  input  data  needed  will  be  normally 
included  in  a  standard  joint  survey;  however,  the  lack  of  definitions 
(e.g.,  slightly  faulted  or  folded  rock)  may  lead  to  some  confusion. 
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41.  A  practical  example  using  the  RSR  Concept  is  as  follows: 

Consider  a  20-ft-iliam  tunnel  to  be  driven  in  a  slightly 
faulted  strata  featuring  medium  hard  granite.  The  joint 
spacing  is  2  f t  and  the  joints  are  open.  The  estimated  water 
inflow  is  230  gal/rain  per  1000  ft  of  the  tunnel  length.  The 
tunnel  will  be  driven  against  a  dip  of  45  deg  and  perpen¬ 
dicular  to  the  jointing. 

Solution:  From  Table  2:  For  igneous  rock  of  medium 

hardness  (basic  rock  type  2)  in  slightly  faulted  rock, 
parameter  A  *  20.  From  Table  3:  For  moderate  to  blocky 
Jointing,  with  strike  perpendicular  to  the  tunnel  axis  and 
with  a  drive  against  the  dip  of  45  deg,  parameter  B  »  25. 

From  Table  4:  For  A  +  B  =  45,  poor  joint  condition  and 

moderate  water  flow,  parameter  C  =  12. 

Thus:  RSR  *  A  *■  B  C  «  57.  From  Figure  7,  the 
support  requirements  for  a  20-ft-diam  tunnel  with  RSR  =  57 

(estimated  rock  load  1.5  klps/sq  ft)  will  be  6U20  steel 

ribs  at  6-f t  spacing. 
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Figure  b.  RSR  concept  -  support  chart  for  10-ft-diam  tunnel 


ROCK  STRUCTURE  RATING 


The  Geomechanics  Classification 


42.  The  Geomechanics  Classification  or  the  Rock  Hass  Rating  (RMR) 

1  3 

System  was  developed  by  Hieniawskl  in  1973.  This  engineering  clas¬ 
sification  of  rock  masses,  especially  evolved  for  rock  engineering 
applications,  utilizes  the  following  six  parameters,  all  of  which  not 
only  are  measurable  in  the  field  but  can  also  be  obtained  from  borings: 

jw  Uniaxial  compressive  strength  of  intact  rock  material. 

b.  Rock  quality  designation  (RQD). 

c_.  Spacing  of  joints  (discontinuities). 

(i.  Orientation  of  joints  (discontinuities). 

Condition  of  Joints  (discontinuities). 

J^.  Groundwater  conditions. 

43.  Fho  Geomechanics  Classification  is  presented  in  Table  6.  In 
Section  A  of  Table  0,  five  parameters  are  grouped  into  five  ranges  of 
values.  Since  the  various  parameters  are  not  equally  important  for  the 
overall  classification  of  a  rock  mass,  importance  ratings  are  allocated 
to  the  different  value  ranges  of  the  parameters,  a  higher  rating  indi¬ 
cating  better  rock  mass  conditions.  These  ratings  were  determined  from 
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49  case  histories  investigated  by  the  author  while  the  initial  ratings 
were  based  on  the  studies  by  Wickham,  Tiedemann,  and  Skinner. 

44.  To  apply  the  Geomechanics  Classification,  the  rock  mass  along 
the  tunnel  route  is  divided  into  a  number  of  structural  regions,  i.e., 
zones  in  which  certain  geological  features  are  more  or  less  uniform 
within  each  region.  The  above  six  classification  parameters  are  deter¬ 
mined  for  each  structural  region  from  measurements  in  the  field  and 
entered  onto  the  standard  input  data  sheet  as  shown  in  Appendix  R. 

43.  Next,  the  importance  ratings  are  assigned  to  each  parameter 
according  to  Table  6,  Section  A.  In  this  respect,  the  typical  ratlwr 
than  the  worst  conditions  are  evaluated  since  this  classification,  being 
based  on  case  histories,  has  a  built-in  safety  factor.  Furthermore,  it 
should  be  noted  that  the  importance  ratings  given  for  joint  spacings 
apply  to  rock  masses  having  three  sets  of  Joints.  Tims,  when  only  two 
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sots  of  Joints  .110  present,  a  conservative  assessment  is  obtained.  Once 
the  Importance  ratings  of  the  classification  parameters  are  established, 
the  ratings  for  the  five  parameters  listed  in  Section  A  of  Table  b  are 
summed  to  yield  the  basic  overall  rock  mass  rating  for  the  structural 
region  under  consideration. 

4b.  At  this  stage,  the  influence  of  the  strike  and  dtp  of  Joints 
is  included  by  adjusting  the  basic  rock  mass  rating  according  to 
Section  B  of  Table  6.  Hi  is  step  is  treated  separately  because  the 
Influence  of  Joint  orientation  depends  upon  engineering  application, 
e.g.,  tunnel,  slope,  or  foundation.  It  will  be  noted  that  the  "value" 
of  the  parameter  "Joint  orientation"  is  not  given  in  quantitative  terms 
but  by  qualitative  descriptions  such  as  "favourable."  To  facilitate  a 
decision  whether  strike  and  dip  orientations  are  favourable  or  not, 
reference  should  be  made  to  Table  7,  which  is  based  on  studies  by  Wickham, 
Tledemann,  and  Skinner.  In  the  case  of  civil  engineering  projects,  an 
adjustment  for  Joint  orientations  will  suffice.  For  mining  applica¬ 
tions.  other  adjustments  may  be  called  for  such  as  the  stress  at  depth 
or  a  change  in  stress.^' 

47.  After  the  adjustment  for  Joint  orientations,  the  rock  mass  is 
classified  according  to  Section  C  of  Table  h,  which  groups  the  final 
(adjusted)  rock  mass  ratings  (KMR)  into  five  rock  mass  classes.  Note 
that  the  rock  mass  classes  are  in  groups  of  twenty  ratings  each. 

48.  Next,  Section  I)  of  Table  b  gives  the  practical  meaning  of 
each  rock  mass  class  by  relating  it  to  specific  engineering  problems. 

In  the  case  of  tunnels  and  chambers,  the  output  from  the  Geomechanics 
Classification  is  the  stand-up  time  of  an  unsupported  rock  span  for  a 
given  rock  mass  rating  (Figure  4). 

4R.  Longer  stand-up  times  can  be'  achieved  by  selecting  rock 
reinforcement  measures  in  accordance  with  Table  8.  They  depend  on  such 
factors  as  the  depth  below  surface  (in  situ  stress),  tunnel  sire  and 
shape,  and  the'  method  of  excavation. 

10.  It  should  be  noted  that  the  support  measures  given  in  Table  8 
represent  the  permanent  and  not  the  primary  support .  Hence,  additional 
concrete  lining  is  not  required  for  structural  purposes. 
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Figure  9.  Geomechanics  Classification  -  output  of  stand-up  time  versus  unsupported  span 


However,  to  ensure  toll  structural  stability  It  Is  recommend  oil  that 
tunnel  monitoring  during  construction  should  provide  a  check  on  stabi¬ 
lisation  of  rock  movements. 

51.  The  Geomechanics  Classl I  teat  ion  recognizes  that  no  single 
parameter  or  index  can  fully  and  quantitatively  describe  a  Jointed  rock 
mass  for  tunneling  purposes.  Various  factors  have  different  signifi¬ 
cance,  and  only  it  taken  together  can  they  describe  satisfactorily  a 
rock  mass.  Kach  of  the  six  parameters  employed  In  this  classification 
is  discussed  below. 

Strength  ol  Intact  rock  material 

52.  There  is  a  general  agreement  that  knowledge  ot  the  uniaxial 
compressive  strength  ol  intact  rock  Is  necessary  for  classifying  a  rock 
mass.  After  all,  if  the  discontinuities  arc  widely  spaced  and  the  rock 
material  is  weak,  the  rock  material  properties  will  influence  the  behavior 
ot  the  rock  mass.  Under  the  same  confining  pressure,  the  strength  ot 

the  rock  material  constitutes  the  highest  strength  limit  ot  the  rock 
mass.  The  rock  material  strength  is  also  important  if  the  use  of 
tunneling  machines  is  contemplated.  Final lv,  a  sample  ol  tin'  rock 
material  represents  sometimes  a  small-scale  model  ot  the  rock  mass  since 
they  have  both  been  subjected  to  the  same  geological  processes.  It  is 
believed  that  the  engineering  classification  of  intact  rock,  proposed  by 
IVere  and  Miller,  is  particularly  realistic  and  convenient  for  use  in 
the  field  ot  rock  mechanics.  This  classification  is  given  in  Table  ‘J. 

■'1.  The  uniaxial  compressive  strength  ol  rook  material  is  deter¬ 
mined  in  accordance  with  the  standard  laboratory  procedures,  but  for  the 
purpose  ol  rock  classification,  the  use  ol  the  well-known,  point-load 
strength  index  is  recommended.  The  reason  is  that  the  index  can  be 
determined  in  the  field  on  rock  core  retrieved  from  borings  and  the  core 
does  not  require  any  special  preparation.  Using  simple  portable  equipment, 
a  piece  ot  drill  core  is  compressed  between  two  points.  The  core  fails 
as  a  result  of  fracture  across  its  diameter.  The  point-load  strength 

index  In  calculated  as  the  ratio  of  the  applied  load  to  the  square  of 
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core  diameter.  A  close  correlation  exists  (to  within  ~20  percent! 
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between  the  uniaxial  compressive  strength  (a)  and  the  point-load 

strength  Index  1  such  that  for  standard  NX  core  (2.16-ln.  diameter), 

°  !  24  1  , 
s 

54.  In  rock  engineering,  the  Information  on  the  rock  material 
strength  is  preferable  to  that  on  rock  hardness.  The  reason  Is  that 
rock  hardness,  which  is  defined  as  the  resistance  to  Indentation  or 
scratching,  is  not  a  quantitive  parameter  and  is  subjective  to  a  geolo¬ 
gist's  personal  opinion.  It  has  been  employed  in  the  past  before  the 
advant  of  the  point-load  strength  index  that  can  now  assess  the  rock 
strength  in  the  field.  Kor  the  sake  of  completeness,  the  following 
hardness  classification  was  used  in  the  past: 

Very  soft  rock.  Material  crumbles  under  firm  blow  with  a 
sharp  end  of  a  geological  pick  and  can  be  peeled  off  with 
a  knife. 

b^.  Soft  rock.  Material  can  be  scraped  and  peeled  with  a 

knife;  indentations  1/16  to  1/8  in.  show  In  the  specimen 
witli  firm  blows. 

c_.  Medium  hard  rock.  Material  cannot  be  scraped  or  peeled 
with  a  knife;  hand-held  specimen  can  be  broken  with  the 
hammer  end  of  a  geological  pick  with  a  single  firm  blow. 

cL  Hard  rock.  Hand-held  specimen  breaks  with  hammer  end  of 
pick  under  more  than  one  blow. 

e^.  Very  hard  rock.  Specimen  requires  many  blows  with  geo¬ 
logical  pick  to  break  through  intact  material. 

It  can  be  seen  from  the  above  that  for  the  lower  ranges  up  to  medium 
hard  rock,  hardness  can  he  assessed  from  visual  inspection  and  by 
scratching  with  a  knife  and  striking  with  a  hammer.  However,  for  rock 
having  the  uniaxial  compressive  strength  of  more  than  3500  psi,  hardness 
classification  ceases  to  be  meaningful  due  to  the  difficulty  of  distin¬ 
guishing  by  the  "scratchabil ity  test"  the  various  degrees  of  hardness. 

In  any  case,  hardness  is  only  indirectly  related  to  rock  strength,  the 

relationship  between  the  uniaxial  compressive  strength  and  the  product 
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of  hardness  and  density  being  expressed  in  the  following  formula: 

log  a  -  0.00014  y  K  +  3.16 
c 

where 

Y  •  dry  unit  weight,  pcf 
R  -  Schmidt  hardness  (L-hammer) 
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Rock  quality  designation  (RQD) 

55.  This  Index  has  already  been  discussed  In  paragraphs  21 

through  25.  It  Is  used  as  a  classification  parameter,  because  although 

it  is  not  sufficient  on  its  own  for  a  full  description  of  a  rock  mass, 

the  Ri)D  index  has  been  found  most  useful  in  tunneling  applications  as  a 

guide  for  selection  of  tunnel  support,  has  been  employed  extensively  in 

the  United  States  and  in  Europe,  and  is  a  simple,  inexpensive,  and 
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reproducible  way  to  assess  the  quality  of  rock  core. 

Spac  Ing  of  Joints 

5b.  The  term  Joint  means  all  discontinuities  present  in  the  rock 

mass  that  may  be  technically  Joints,  bedding  planes,  minor  faults,  or 

other  surfaces  of  weakness.  The  behavior  of  Joints  governs  the  behavior 

of  a  rock  mass  .is  a  whole.  The  presence  of  joints  reduces  the  strength 

of  a  rock  mass,  and  their  spacing  governs  the  degree  of  such  reduction. 

For  example,  a  rock  material  with  a  high  strength,  but  intensely  jointed, 

will  yield  a  weak  rock  mass.  Spacing  of  Joints  is  a  separate  parameter, 

because  the  RQD  index  does  not  lend  itself  for  assessing  the  spacing  of 

Joints  from  a  single  set  of  cores.  A  classification  of  Joint  spacings 
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proposed  by  Deere  is  most  widely  used  and  has  been  incorporated  into 
the  Geomechanics  Classification  (Table  10). 

Orientation  of  joints 

57.  Studies  by  Wickham,  Tiedemann,  and  Skinner"’  have  emphasized 
the  effect  of  Joint  orientations  on  tunnel  stability.  In  accordance 
with  Table  7,  a  qualitative  assessment  of  favourabil ity  is  preferred  to 
more  elaborate  systems  for  Joint  orientation  and  Inclination  effects. 
Condition  of  joints 

58.  Tills  parameter  includes  roughness  of  the  joint  surfaces, 
their  continuity,  their  opening  or  separation  (distance  between  the 
surfaces),  the  infilling  (gouge)  material,  and  weathering  of  the  wall 
rock. 

59.  Roughness  or  the  nature  of  the  asperities  in  the  disconti¬ 
nuity  surfaces  is  an  important  parameter  characterizing  the  condition  of 
discontinuities.  Asperities  that  occur  on  joint  surfaces  interlock,  if 
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the  surfaces  are  clean  and  closed,  and  inhibit  shear  movement  along  the 
Joint  surface.  Roughness  asperities  usually  have  a  base  length  and 
amplitude  measured  In  terms  of  tenths  of  an  inch  and  are  readily  apparent 
on  a  core-sized  exposure  of  a  discontinuity.  The  applicable  descriptive 
terms  are  defined  below  (it  should  be  stated  if  surface  are  stepped, 
undulating,  or  planar): 

au  Very  rough.  Near  vertical  steps  and  ridges  occur  on  the 
discontinuity  surface. 

b^.  Rough.  Some  ridge  and  side-angle  steps  are  evident; 

asperities  are  clearly  visible;  and  discontinuity  surface 
feels  very  abrasive. 

c_.  Slightly  rough.  Asperities  on  the  discontinuity  surfaces 
are  distinguishable  and  can  be  felt. 

d_.  Smooth.  Surface  appears  smooth  and  feels  so  to  the 
touch. 

SI  iekens  ided .  Visual  evidence  of  polishing  exists. 
bO.  Continuity  of  joints  influences  the  extent  to  which  the  rock 
material  and  the  discontinuities  separately  affect  the  behavior  of  the 
rock  mass.  In  the  case  of  tunnels,  a  discontinuity  is  considered  fully 
continuous  if  its  length  is  greater  than  the  width  of  the  tunnel.  Con¬ 
sequently,  for  continuity  assessment,  the  length  of  the  discontinuity 
should  be  determined. 

bl.  Separation  or  the  distance  between  the  discontinuity  surfaces 
controls  the  extent  to  which  the  opposing  surfaces  can  Interlock  as  well 
as  the  amount  of  water  that  can  flow  through  the  discontinuity.  In  the 
absence  of  interlocking,  the  Joint  filling  (gouge)  controls  entirely  the 
shear  strength  of  the  discontinuity.  As  the  separation  decreases,  the 
asperities  of  the  rock  wall  tend  to  become  more  interlocked,  and  both 
the  filling  and  the  rock  material  con tr Unite  tv'  the  shear  strength  of 
Joints.  The  shear  strength  along  a  Joint  is,  therefore,  dependent  on 
the  degree  of  separation,  presence  or  absence  of  filling  materials, 
roughness  of  the  surface  walls,  and  the  nature  of  the  tilling  material. 
The  description  of  the  separation  of  the  discont f unity  surf  ages  is  given 
in  millimetres  as  follows: 

a^.  Very  tight:  *.  0. 1  mm. 

l>.  Tight:  0.1-0. 5  mm. 
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c_.  Moderately  open:  0.5-2. 5  mm. 

d.  Open:  2.5-10  mm. 

Very  wide:  10-25  mm. 

Note  that  where  the  separation  is  more  than  25  mm,  the  discontinuity 
should  be  described  as  a  major  discontinuity. 

t>2.  The  infilling  (gouge)  has  a  two-fold  influence: 

iu  Depending  on  the  thickness,  the  filling  prevents  the 
interlocking  of  the  fracture  asperities. 

b_.  It  possesses  its  own  characteristic  properties,  i.e., 
shear  strength,  permeability,  and  deformat  tonal  charac¬ 
teristics. 

The  following  aspects  should  be  described:  type,  thickness,  continuity, 
and  consistency. 

b3.  Weathering  of  the  wall  rock,  i.e.,  the  rock  constituting  the 

joint  walls.  Is  classified  in  accordance  with  the  recommendations  of  the 

,  AO 

Task  Committee  of  the  American  Society  of  Civil  Engineers: 

.1.  Dnweathored.  No  visible  signs  are  noted  of  weathering; 
rock  fresh;  crystals  bright. 

b^.  Slightly  weathered  rock.  Discontinuities  are  stained  or 
discolored  and  may  contain  a  thin  filling  of  altered 
material.  Discoloration  may  extend  into  the  rock  from 
the  discontinuity  surfaces  to  a  distance  of  up  to 
20  percent  of  the  discontinuity  spacing. 

£.  Moderately  weathered  rock.  Slight  discoloration  extends 
f ri>m  discontinuity  planes  for  greater  than  20  percent  of 
the  discontinuity  spacing.  Discontinuities  may  contain 
filling  of  altered  material.  Partial  opening  of  grain 
boundaries  may  be  observed. 

d.  Highly  weathered  rock.  Discoloration  extends  throughout 
the  rock,  and  the  rock  material  is  partly  friable.  The 
original  texture  of  the  rock  has  mainly  been  preserved, 
but  separation  of  the  grains  has  occurred. 

e^.  Completely  weathered  rock.  The  rock  is  totally  dis¬ 
colored  and  decomposed  and  in  a  friable  condition.  The 
external  appearance  is  that  of  soil.  Internally,  the 
rock  texture  is  partly  preserved,  but  grains  have 
completely  separated. 

It  should  be  noted  that  the  boundary  between  rock  and  soil  is  defined  in 
terms  of  the  uniaxial  compressive  strength  and  not  in  terms  of  weathering. 
A  material  with  the  strength  equal  to  or  above  150  psi  is  considered  as 
rock. 
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Groundwater  conditions 


b4.  In  the  case  of  tunnels,  the  rate  of  inflow  of  groundwater  in 
gallons  per  minute  per  1000  ft  of  the  tunnel  should  be  determined , ^  or  a 
general  condition  can  be  described  as  completely  dry,  damp,  wet,  dripping, 
and  flowing.  If  actual  water  pressure  data  are  available,  these  should 
be  stated  and  expressed  in  terms  of  the  ratio  of  the  water  pressure  to 
the  major  principal  stress.  The  latter  can  be  either  measured  or  deter¬ 
mined  from  the  depth  below  surface,  i.e.,  the  vertical  stress  increases 
with  depth  at  l.l  psi  per  foot  of  the  depth  below  surface. 

65.  The  rock  mass  along  the  tunnel  route  is  divided  into  a  number 
of  structural  regions,  and  the  above  classification  parameters  are 
determined  for  each  structural  region  and  entered  onto  the  standard 
input  data  sheet,  as  enclosed  in  Appendix  B. 

66.  The  advantage  of  the  Geomechanics  Classification  is  that  it 
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is  not  only  applicable  to  rock  tunnels  but  also  to  rock  foundations 
25  26 

and  slopes. *’  ’  This  is  a  very  useful  feature  that  can  assist  with  the 
design  of  slopes  near  the  tunnel  portals  as  well  as  allow  estimates  of 
the  deformability  of  foundations  for  such  structures  as  bridges.  After 
all,  for  a  highway  or  railroad  route  involving  tunnels  and  bridges,  the 
output  from  the  Geomechanics  Classification  for  slopes  and  foundations 
will  be  very  useful. 

67.  In  the  case  of  rock  foundations,  the  rock  mass  rating  RMR 
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from  the  Geomechanics  Classification  has  been  related  to  the  in  situ 
modulus  of  deformation  in  the  manner  shown  in  Figure  10. 

68.  In  the  case  of  rock  slopes,  the  output  is  given  in  Section  D 

of  Table  6  as  the  cohesion  and  friction  of  the  rock  mass.  These  output 
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values  were  based  on  the  data  compiled  by  Hoek  and  Bray.  The  validity 

of  the  output  from  the  Geomechanics  Classification  to  the  rock  slopes 

25 

was  tested  by  Steffen  and  by  John.*  Steffen  analyzed  35  slopes  of 
which  20  had  failed.  He  used  the  Geomechanics  Classification  to  obtain 
the  average  values  of  cohesion  and  friction  and  then  calculated  the 
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safety  factor  based  on  slope  design  charts  by  Hoek  and  Bray.  The 
results  given  in  Figure  11  show  definite  statistical  trends. 

b9.  In  spite  of  its  versatility,  the  Geomechanics  Classification 
is  not  considered  sufficient  to  deal  with  all  tunnel  stability  problems. 
Like  with  other  empirical  methods,  it  should  be  backed  by  a  monitoring 
program  during  the  tunnel  construction.  The  purpose  of  such  a  program 
would  be  to  check  on  the  rock  conditions  predicted  by  the  classification 
and  to  evaluate  the  behavior  of  the  adopted  support  measures. 

70.  A  practical  example  using  the  Geomechanics  Classification  is 
as  follows: 

Consider  a  slightly  weathered  quartzite  in  which  a 
20-ft-span  tunnel  is  to  be  driven.  The  following  classi¬ 
fication  parameters  were  determined: 


1. 

2. 

3. 

4. 


3. 

b. 


Item 

Va  l  ue 

Rat ing 

Strength  of  rock  material 

22,000  psi 

12 

ROD 

80-902 

17 

Spacing  of  joints 

1-3  ft 

20 

Condition  of  Joints: 

12 

continuous  joints 
slightly  rough  surfaces 
separation  <1  mm 
highly  weathered  rock  wall 

no  gouge 

Groundwater  Moderate  inflow 

7 

Basic 

rock  mass  value 

to  8 

Orientation  of  joints 

Fa  i  r 

-5 

Final 

RMR 

to  3 

Rock  Mass 

Class:  11  -  good 

rock 

Output:  From  Figure  9,  for  KMR  •  b3  and  unsupported 

span  •  20  ft,  the  stand-up  time  will  be  about  1  month. 

From  Table  8,  recommended  tunnel  support  is  roekbolts  lit 
crown  10  ft  long,  spaced  at  8  ft  with  sho terete  2  in. 
thick  and  wire  mesh.  From  Figure  HI,  the  rock  mass  modulus 
is  estimated  as  3.7  x  10  psi. 


71.  It  is  important  that  the  chart  in  Figure  9  is  correctly 
applied  for  the  selection  of  the  output  data.  For  this  purpose,  the 
actual  RMR's  are  used  that  are  represented  by  the  series  of  near  par¬ 
allel  lines  in  Figure  9. 
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GEOMEChANICS  ROCK  MASS  RATING  rmr 

Figure  10.  Relationship  between  in  situ  modulus  and  rock,  mass  rating 


STABLE  SLOPES 


FAILED  SLOPES 


0.6  0.7  0.8  0.9  1.0  1.1  1.2  1.3  1.3 


FACTOR  OF  SAFETY 


Figure  11.  Frequency  distribution  of  slope 
stability  as  predicted  by  Hoek's 
design  charts  for  the  geomechanics 
system  strength  parameters 
(after  Steffen-^) 


72.  The  intercept  of  an  RMR  line  with  the  desired  tunnel  span 
determines  the  stand-up  time.  Alternatively,  the  intercept  of  an  RMR 
line  with  the  top  boundary  line  determines  the  maximum  span  possible  in 
a  given  rock  mass;  any  larger  span  would  result  in  the  immediate  roof 
collapse.  An  intercept  of  the  RMR  line  with  the  lower  boundary  line 
determine  the  maximum  span  that  can  stand  unsupported  indefinitely. 


-System 


73.  The  Q-Systera  of  rock  mass  classification  was  developed  in 


Norway  in  1974  by  Barton,  Lien,  and  Lunde,  all  of  the  Norwegian  Geo- 
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technical  Institute.  Its  development  represented  a  major  contribution 


to  the  subject  of  rock  mass  classifications  for  a  number  of  reasons: 


the  system  was  proposed  on  the  basis  of  an  analysis  of  some  200  tunnel 
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case  histories  from  Scandinavia,  it  is  a  quantitative  classification 


system,  and  it  is  an  engineering  system  enabling  the  design  of  tunnel 


supports. 


1 


35 


74.  Hie  Q-System  is  based  on  a  numerical  assessment  of  the  rock 
mass  quality  using  six  different  parameters:  (a)  RQD,  (b)  number  of 
joint  sets,  (c)  roughness  of  the  most  unfavourable  joint  or  discon¬ 
tinuity,  (d)  degree  of  alteration  or  filling  along  the  weakest  joint, 
(e)  water  inflow,  and  (f)  stress  condition. 

75.  The  above  six  parameters  are  grouped  into  three  quotients  to 
give  the  overall  rock  mass  quality  Q  as  follows: 


»  lid 

where 

RQD  =  rock  quality  designation 
=  joint  set  number 
=  joint  roughness  number 

J  =  joint  alteration  number 
a 

J  =  joint  water  reduction  number 
w 

SRF  =  stress  reduction  number 

7b.  In  Tables  11  -  13,  the  numerical  values  of  each  of  the  above 
parameters  are  interpreted  as  follows.  The  first  two  parameters  represent 
the  overall  structure  of  the  rock  mass,  and  their  quotient  is  claimed  to 
be  a  measure  of  the  relative  block  size.  The  quotient  of  the  third  and 
the  fourth  parameters  is  said  to  be  related  to  the  interblock  shear 
strength  (of  the  joints).  The  fifth  parameter  is  a  measure  of  water 
pressure,  while  the  sixth  parameter  is  a  measure  of:  (a)  loosening  load 
in  the  case  of  shear  zones  and  clay  bearing  rock,  (b)  rock  stress  in 
competent  rock,  and  (c)  squeezing  and  swelling  loads  in  plastic  incompe¬ 
tent  rock.  This  sixth  parameter  is  regarded  as  the  "total  stress" 
parameter.  The  quotient  of  the  fifth  and  the  sixth  parameters  is 

regarded  as  describing  the  "active  stress." 
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77.  The  proposers  of  the  Q-System  believed  that  the  parameters, 
J^,  J^,  and  J^,  played  a  more  important  role  than  joint  orientation,  and 
if  joint  orientation  had  been  included,  the  classification  would  have 
been  less  general.  However,  the  orientation  is  implicit  in  the  param¬ 
eters  and  J^,  because  they  apply  to  the  most  unfavourable  joints. 


78.  The  Q  is  related  to  the  tunnel  support  requirements  by  defining 
the  equivalent  dimensions  of  the  excavation.  Tills  equivalent  dimension, 
which  is  a  function  of  both  the  size  and  the  purpose  of  the  excavation, 
is  obtained  by  dividing  the  span,  diameter,  or  the  wall  height  of  the 
excavation  by  a  quantity  called  the  excavation  support  ratio  (ESR) . 

Thus , 


Equivalent  dimension 


Excavation  span,  diameter,  or  height,  metres 
ESR 


79.  The  ESR  is  related  to  the  use  for  which  the  excavation  is 


intended 

and  the  degree  of  safety  demanded, 

as  follows: 

Excavation  category 

ESR 

No.  of 

cases 

A. 

Temporary  mine  openings 

3-3 

(2) 

B. 

Vertical  shafts: 

circular  section 

2.5 

— 

rectangular/square  section 

2.0 

— 

C. 

Permanent  mine  openings,  water 
tunnels  for  hydropower  (ex¬ 
cluding  high-pressure  penstocks), 
pilot  tunnels,  drifts,  and  head¬ 
ings  for  large  excavations 

1.6 

(83) 

0. 

Storage  rooms,  water  treatment 
plants,  minor  highway  and  rail¬ 
road  tunnels,  surge  chambers, 
access  tunnels 

1.3 

(25) 

E. 

Power  stations,  major  highway 
or  railroad  tunnels,  civil 
defense  chambers,  portals, 
intersections 

1.0 

(73) 

F. 

Underground  nuclear  power  sta¬ 
tions,  railroad  stations, 
factories 

00 

• 

o 

(2) 

80.  The  relationship  between  the  index  Q  and  the  equivalent 
dimension  is  illustrated  in  Figure  12  in  which  38  support  categories  are 


shown  by  box  numbering.  Support  measures  that  are  appropriate  to  each 
category  are  listed  in  Tables  14  -  18.  Since  it  was  decided  that  bolting 
and  shotcrete  support  deserves  most  attention,  case  histories  featuring 
steel  rib  support,  concrete  arch  roofs,  and  precast  linings  have  been 


ignored. 
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81.  The  length  of  bolts  L  Is  determined  from  the  equation: 

L  «  2  ♦  0.15  B/ESR 
where  B  is  the  excavation  width. 

82.  The  38  support  categories  listed  in  Tables  14  -  17  have  been 
specified  to  give  estimates  of  permanent  roof  support  since  they  were 
based  on  roof  suppor”  methods  quoted  in  the  case  histories.  For  tem¬ 
porary  support  determination,  either  Q  is  increased  to  5Q  or  ESR  is 
increased  to  1.5  ESR. 

83.  The  maximum  limit  for  permanent  unsupported  spans  can  be 
obtained  as  follows  (see  also  Figure  13): 

0.4 

Maximum  span  (unsupported)  =  2 (ESR)  Q 


84.  Figure  14  shows  the  relationship  between  the  rock  mass  quality 
Q  and  the  stand-up  time.  In  Figure  15,  the  relationship  between  Q  and 
permanent  support  pressure  ^  Is  plotted  from  the  following  equation: 


roof 


2.0  q-1/3 
Jr 


If  the  number  of  joint  sets  is  less  than  three,  the  equation  is  expressed 
as 


P  .LWj-'fW 

roof  3  n  r 


,12 


85.  The  proposers  of  the  Q-System  emphasized""  that  while  the 
support  recommendations  for  the  large-scale  excavations  would  generally 
incorporate  thicker  shotcrete  and  longer  bolts,  the  bolt  spacing  and 
theoretical  support  pressure  would  remain  roughly  the  same.  This  is 
supported  by  Figure  16  in  which  roof  support  pressures  range  from  5  to 
20  psi  independent  of  the  span. 

12 

86.  When  core  is  unavailable,  the  RQD  is  estimated  from  the 
number  of  joints  per  unit  volume,  in  which  the  number  of  joints  per 
metre  for  each  joint  set  are  added.  The  conversion  for  clay-free  rock 
masses  is 

RQD  =  115  -  3.3  J 

v 

where  J  represents  the  total  number  of  joints  per  cubic  metre  (RQD  = 


100  percent  for  <  4,5). 
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rock  nass  quality  (after  Barton 


0  40  80  1 20 

excavation  span,  ft 


Figure  16.  Design  support  pressures  for  roofs 
of  large  caverns  (after  Cording, 

Tiederaann,  and  Skinner-0) 

87.  The  following  steps  are  involved  in  applying  the  Q-System 
a.  Classify  the  relevant  rock  mass  quality. 

b^.  Choose  the  optimum  dimensions  of  excavation. 
c_.  Estimate  the  appropriate  permanent  support. 

88.  A  practical  example  using  the  Q-System  is  as  follows: 

Consider  a  water  tunnel  of  9-m  (29.5  ft)  span  in  a 
phyllite  rock  mass.  The  following  is  known: 

Joint  set  1:  smooth,  planar  J  =  1.0 

chlorite  coatings  J  *  4.0 

a 

15  joints  per  metre 

Joint  Set  2:  smooth,  undulating  J^  =  2 

slightly  altered  walls  J  =2 

a 

5  joints  per  metre 

Thus:  J  =  15  +  5  =  20  and  RQD  =  115  -  3.3  J  =50  percent 
v  v 

J  =  4 
n 

most  unfavourable  J  /J  =  1/4 
r  a 

Minor  water  inflows:  J  =  1.0 

w 

Uniaxial  compressive  strength  of  phyllite:  o  =  40  MPa 
Major  principal  stress:  o  ••  3  MPa  1 

.  Virgin  stresses 

Minor  prlnicpal  stress:  o  ^  1  MPa  I 
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Thus:  °i^°3  “  ^  and  o^/o^  “  13.3  (medium  stress),  SRF  -  1.0 

,,  30  i  1  i  , 

Q  “  —  x  ^  x  y  -  3.1  (poor) 

Support  estimate:  B  -  9  ra,  ESR  ■  1.6 

Thus:  B/ESR  -  4.6 

For  Q  -  3.1:  support  category  »  21 

Permanent  support:  untensioned  rockbolts  spaced  1  m,  bolt 
length  2.9  m,  and  shotcrete  2-3  cm  thick  (see  Table  18,  note  1) 
Temporary  support:  none 
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PART  III:  GUIDK  TO  CLASSIFICATION  PROCEDURES 


89.  The  main  rock  mass  classification  systems  currently  in  use  in 
the  design  of  rock  tunnels  were  fully  described  in  Part  II.  Apart  from 
Terzaghi's  classification,  three  other  rock  mass  classification  systems 
were  shown  to  be  most  promising:  the  RSR  Concept,  the  Georaechanics 
Classification,  and  the  Q-System.  Accordingly,  the  step-by-step  design 
procedures  will  be  summarized  in  this  section  for  these  three  classifi¬ 
cation  systems.  For  Terzaghi's  classification,  full  guidelines  are 
given  in  EM  1110-2-2901^  and  in  Appendix  A. 


User's  Guide  for  the  RSR  Concept 


90.  The  RSR  Concept,  a  ground  support  prediction  model  developed 
in  the  United  States  in  1973  by  Wickham,  Tiedemann,  and  Skinner,"’’^  is 
particularly  suitable  for  selection  of  steel  support  for  rock  tunnels. 

It  requires  determination  of  the  thtee  parameters  A,  B,  and  C  listed  in 
Tables  2,  3,  and  4. 

Step  1.  Divide  the  proposed  tunnel  route  into  geological 

regions,  such  that  each  region  would  be  geologically 
similar  and  would  require  one  type  of  support;  i.e., 
it  will  not  be  economical  to  change  tunnel  support 
until  rock  mass  conditions  change  distinctly,  that 
is,  a  new  structural  region  can  be  distinguished. 

Step  2.  Complete  classification  input  data  worksheet,  as 
given  in  Appendix  B,  for  each  structural  region. 

Step  3.  From  Tables  2  to  4,  determine  the  individual  classi¬ 
fication  parameters  A,  B,  and  C  and  their  sum,  which 
gives  the  RSR  ■  A  +  B  +  C. 

Step  4.  Adjust  the  RSR  value  in  accordance  with  Figure  5  if 
the  tunnel  is  to  be  excavated  by  a  tunnel  boring 
machine. 

Step  5.  Select  a  support  requirement  chart  appropriate  for 
the  tunnel  size,  e.g.,  the  chart  for  10-,  20-,  and 
24-ft-diam  tunnels  in  Figures  6,  7,  and  8,  respec¬ 
tively.  These  charts  are  applicable  to  both  circular 
and  horseshoe-shaped  tunnels.  From  the  selected 


chart,  determine  the  rib  type  and  spacing  corre¬ 
sponding  to  the  RSR  value.  Ignore  curves  for  rockbolt 
and  shotcrete  support  since  they  are  not  based  on 
sufficient  case  history  data. 

Step  b.  Estimate  the  rock  load  from  Table  5  and  the  theo¬ 
retical  RR  from  the  formula: 

(RR  ♦  80) (RSR  ♦  30)  =  3800 

The  values  obtained  are  for  comparison  purposes 
between  the  structural  regions. 

User's  Guide  for  the  Geomechanics  Classification 


91.  The  Geomechanics  Classification,  which  was  developed  in  1973 
by  Bieniawski,^  enables  determination  of  the  RMR,  the  tunnel  maximum 
unsupported  span,  the  stand-up  time,  the  support  requirements,  the 
in  situ  rock  mass  modulus,  and  the  cohesion  and  friction  of  the  rock 
masses. 


Step  1. 

Step  2. 

Step  3. 


Step  4. 


Step  5. 


Divide  the  proposed  tunnel  route  into  structural 
regions,  such  that  each  region  would  be  geologically 
similar  and  would  require  one  type  of  support. 

Complete  classification  input  data  worksheet,  as 
given  in  Appendix  B,  for  each  structural  region  (see 
paragraph  44). 

From  Table  6,  determine  the  ratings  of  the  six 
Individual  classification  parameters  and  the  overall 
RMR  value,  following  the  procedure  outlined  in 
paragraphs  42  through  4b  and  52  through  b5. 

From  Figure  9,  determine  the  maximum  unsupported 
rock  span  possible  for  a  given  RMR.  If  this  span  is 
smaller  than  the  span  of  the  proposed  tunnel,  the 
heading  and  bench  or  multidrift  construction  should 
be  adopted  (see  paragraphs  71  and  72). 

From  Figure  9,  determine  the  stand-up  time  for  the 
proposed  tunnel  span.  If  the  tunnel  falls  below  the 
lower  limit  line,  no  support  will  be  required.  If 
the  stand-up  time  is  not  sufficient  for  the  life  of 
the  tunnel,  the  appropriate  support  measures  must  be 
selected . 


Step  b.  From  Table  8,  select  the  appropriate  tunnel  support 
measures  and  note  that  these  represent  the  permanent 
support. 


4  b 


Step  7.  If  foundation  design  is  contemplated  for  nearby 

structures,  select  from  Figure  10  the  in  situ  modulus 
of  deformation  of  the  rock  mass  (see  paragraphs  66 
and  67). 

Step  8.  If  the  rock  slopes  near  the  tunnel  portals  are  to  be 
designed,  select  from  Section  D  of  Table  6  the 
cohesion  and  friction  data  (see  paragraph  68). 

Step  9.  Consider  a  monitoring  program  during  the  tunnel 

construction  for  sections  requiring  special  atten¬ 
tion  (see  paragraph  69). 


User's  Guide  for  the  Q-System 


92.  The  rock  mass  quality  Q-System,  which  was  developed  in  Norway 

12 

in  1974  by  Barton,  Lien,  and  Lunde,  enables  the  design  of  rock  support 
in  tunnels  and  large  underground  chambers. 

Step  1.  Divide  the  proposed  tunnel  route  into  structural 

regions,  such  that  each  region  would  be  geologically 
similar  and  would  require  one  type  of  support  category. 

Step  2.  Complete  classification  input  data  worksheet,  as 
given  in  Appendix  B,  for  each  structural  region. 

Step  3.  Determine  the  ratings  of  the  six  classification 

parameters  from  Tables  11,  12,  and  13  and  calculate 
the  Q  value  (see  paragraph  75). 

Step  4.  Select  the  excavation  category  from  paragraph  79  and 
allocate  the  ESR. 

Step  5.  From  Figure  12,  determine  the  support  category  for 
the  Q  value  and  the  tunnel  span/ESR  ratio. 

Step  6.  From  Tables  14  through  18,  select  the  support 
measures  appropriate  to  the  support  category. 

Calculate  the  length  of  rockbolts  from  paragraph  81. 

Step  7.  The  selected  support  measures  are  for  the  permanent 
support.  Should  it  be  required  to  determine  the 
primary  support  measures,  consult  paragraph  82. 

Step  8.  For  comparison  purposes,  determine  the  support 
pressure  from  paragraph  85. 

Step  9.  For  record  purposes,  from  Figures  13  and  14,  estimate 
the  possible  maximum  unsupported  span  and  the  stand- 
up  time. 
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Comparison  of  Procedures 


93.  For  convenience  of  application,  practical  examples  for  using 
each  of  the  three  classification  systems  are  given  in  paragraphs  41,  70, 
and  88.  A  detailed  discussion  of  a  selected  case  history,  giving 
comparisons  between  Terzaghi's  approach  and  the  three  classifications, 
follows  in  Part  IV.  It  is  appropriate,  however,  to  consider  here  if  any 
relationships  or  comparisons  exist  between  the  three  classification 
systems. 

94.  A  correlation  has  been  attempted  between  the  Geomechanics  RMR 

23 

and  the  Q-value.  A  total  of  111  case  histories  were  analyzed  involving 
68  Scandinavian  cases,  28  South  African  cases,  and  21  other  documented 
case  histories  from  the  United  States,  Canada,  Australia,  and  Europe. 

The  results  are  plotted  in  Figure  17  from  which  it  will  be  seen  that  the 
following  relationship  is  applicable: 

RMR  =  9  In  Q  +  44 

1 8 

Rutledge  recently  determined  in  New  Zealand  the  following  correlations 
between  the  three  classification  systems: 

RMR  =  13.5  log  Q  +  43  (standard  deviation  *=  9.4) 

RSR  =  0.77  RMR  +  12.4  (standard  deviation  =  8.9) 

RSR  =  13.3  log  Q  +  46.5  (standard  deviation  =  7.0) 

95.  A  comparison  of  the  stand-up  time  and  the  maximum  unsupported 

span,  as  shown  in  Figures  9,  13,  and  14,  reveals  that  the  Geomechanics 
Classification  is  more  conservative  than  the  Q-System,  which  is  a 
reflection  of  the  different  tunneling  practice  in  Scandinavia  based  on 
the  generally  excellent  rock  and  the  long  experience  in  tunneling. 

96.  A  comparison  of  the  support  recommendations  by  six  different 
classification  systems  is  given  in  Table  1.  Other  comparisons  are  made 
in  References  17,  18,  23,  27,  28.  and  29. 

97.  Although  the  above  comparisons  are  interesting  and  useful,  it 
is  believed  that  one  should  not  necessarily  rely  on  any  one  classi¬ 
fication  system  but  should  conduct  a  sensitivity  analysis  and  cross-check 
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the  findings  of  one  classification  with  another 
better  "feel"  for  the  rock  mass. 


Tills  could  enable  a 


rockm<ssouality  0 


Figure  17.  Correlation  between  Geomechanics  Classification 

and  Q-System 
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PART  IV:  CASE  HISTORY  OF  THE  PARK  RIVER  TUNNEL 


98.  In  order  to  demonstrate  the  potential  of  the  tunnel  design 

by  rock  mass  classifications  a  case  history  was  selected.  This  involved 

the  Park  River  Tunnel  in  Hartford,  Connecticut,  a  water  tunnel  currently 

under  construction  by  the  II.  S.  Army  Corps  of  Engineers.  This  project 

was  selected,  because  t'  <■  details  of  the  geological  exploration  'and  the 

44 

current  design  practice  were  well  documented,  and  even  in  situ  stress 

45 

measurements  were  conducted.  In  addition,  borehole  logs  were  avail¬ 
able  for  examination. 

Description  of  the  Tunnel 

99.  The  function  of  the  Park  River  (auxiliary  conduit)  Tunnel 
will  be  to  conduct  approximately  one  quarter  of  the  maximum  flow  in  the 
Park  River  to  the  Connecticut  River.  The  completed  tunnel  will  have  a 
22-ft  inside  diameter  and  extend  some  9100  ft  between  the  intake  and 
outlet  shafts.  It  will  be  excavated  through  shale  and  basalt  rock  at  a 
maximum  depth  of  200  ft  below  the  surface.  The  tunnel  invert  at  the 
outlet  shaft  is  52  ft  below  the  intake  invert  with  the  tunnel  sloping  at 
a  rate  of  approximately  7  in.  per  100  ft.  A  minimum  rock  thickness  of 
approximately  50  ft  will  remain  above  the  crown  excavation  at  the  outlet. 

100.  The  22-ft-diam  tunnel  will  be  machine  bored  and  lined 
throughout  with  precast  reinforced  concrete  segments  9  in.  thick.  For 
drill  and  blast  construction,  the  initial  design  specified  the  minimum 
thickness  of  a  cast-in-place  reinforced  concrete  liner  14  in. 

(Plate  9A-21  of  Reference  44)  with  additional  8  in.  being  allowed  to  the 
excavation  pay  line.  Thus,  the  minimum  expected  concrete  thickness 
would  be  22  in.  giving  the  nominal  excavation  size  of  25.7  ft.  This 
nominal  excavation  size  would  increase  to  27.7  ft  where  heavy  structural 
support  was  expected  with  the  concrete  liner  stipulated  as  22  in.  thick. 

101.  Temporary  rock  support  was  prescribed  for  the  entire  length 
of  the  tunnel  in  the  case  of  the  construction  by  drilling  and  blasting. 
Typical  support  patterns  (for  88  percent  of  the  tunnel)  would  be 


50 


l-l/8-ln.-dinm  rock  anchors  (rockbolts  fully  resin  bonded  but  not  ten¬ 
sioned),  11  ft  long,  spaced  4-1/2  ft  with  shotcrete  1  In.  thick  without 
wire  mesh.  In  poor  ground  condition,  the  bolt  spacing  Is  between  2  and 
4  ft  with  shotcrete  2  In.  thick.  In  two  fault  zones,  expected  to  be 
approximately  300  ft  long,  structural  W8  steel  ring  beams  at  3  ft  will 
be  used. 

102.  The  anticipated  cost  of  the  tunnel  Is  $17.0  million  for 
machine  boring  or  $1880  per  foot,  based  on  bid  prices.  If  conventional 
drill  and  blast  construction  were  used,  the  cost  would  have  been 
$27.8  million  (Including  the  shafts). 

Tunnel  ecology 

103.  in  Figure  18,  a  longitudinal  geological  section  of  tunnel  is 
shown.  The  rocks  along  the  alignment  are  primarily  easterly  dipping 
Trlassic  sandy  red  shales/si ltstones  Interrupted  by  a  zone  of  basalt 
flows  and  some  limited  rock  types  near  the  basalt.  Bedding  Is  distinct 
and  often  regular  to  the  extent  that  many  marker  beds  correlated  between 
boreholes.  Descriptions  of  the  various  rock  types  are  given  In  Table  Cl, 
Appendix  C. 

104.  Three  main  geological  zones  were  distinguished  along  the 

i  44 

tunnel  route: 

a.  Shale  and  basalt  zones,  constituting  88  percent  of  the 
tunnel . 

]>.  Fractured  rock  zone  (very  blocky  and  seamy),  between 
sta  23  +  10  and  31  +  10  (800  ft). 

c_.  'IVo  fault  zones,  one  near  sta  87  +  SO  and  the  other 
between  sta  89  +  SO  and  9S  +  SO. 

105.  Bedding  and  Jointing  are  generally  north  to  south  which  is 
perpendicular  to  the  tunnel  axis  (tunnel  will  run  west  to  east).  The 
bedding  is  generally  dipping  between  10  and  20  deg  while  the  Joints  are 
steeply  dipping  bt tween  70  and  90  deg.  Joints  in  the  shale  have  rough 
surfaces,  and  many  are  very  thin  and  healed  with  calotte. 
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106.  Groundwater  studies  indicated  that  water  inflow  during 
tunneling  should  be  low  averaging  less  than  3  gpm  per  linear  foot  of 
untreated  tunnel  for  the  major  portion  of  the  tunnel  alignment. 

Geological  Investigations 

107.  Explorations  consisted  of  core  borings,  various  tests  within 
the  boreholes,  and  a  seismic  survey.  Tests  in  boreholes  included  bore¬ 
hole  photography,  pressure  testing,  piezometer  installation,  observation 
wells,  and  pump  tests. 

108.  Rock  cores  from  29  borings  were  used  to  determine  tunnel 
geology  (18  were  NX  diam  (2.16  in.)  and  11  were  4-in.  diam).  Ten  bore¬ 
holes  did  not  reach  tunnel  level.  All  cores  were  photographed  in  the 
field  immediately  upon  removal  from  the  core  barrel,  and  the  core  was 
logged,  classified,  and  tested.  Typical  drill  log  is  given  in  Figure  Cl 
Appendix  C. 

109.  Borehole  photography  was  employed  in  15  boreholes  to  deter¬ 
mine  joint  orientations  and  the  rock  structure. 

110.  Core  samples  were  selected  from  21  localities  within  the 
tunnel,  near  the  crown,  and  within  one-half  diameter  above  the  crown  to 
determine  the  density,  uniaxial  compressive  strength,  triaxial  strength, 
modulus  of  elasticity,  Poisson's  ration,  water  content,  swelling  and 
slaking,  sonic  velocity,  and  Joint  strength.  The  results  are  tabulated 
in  Table  C2,  Appendix  C. 

111.  In  situ  stress  measurements  were  conducted  in  vertical 
45 

boreholes  involving  15  tests,  but  only  four  yielded  successful  results 
Fight  tests  could  not  be  completed  because  of  core  breakage;  two  failed 
because  of  gage  slipping,  and  two  more  because  of  equipment  malfunction. 
The  measured  horizontal  stress  was  found  to  be  452  +  133  psi.  For  the 
depth  of  120  ft,  the  vertical  stress  is  calculated  as  132  psi.  Tills 
gives  the  horizontal  to  vertical  stress  ratio  as  3:42. 
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Bieniawski's  Report 


112.  Input  data  to  enable  rock  mass  classification  by  the  RSR 
Concept,  the  Geomechanics  Classification,  and  the  Q-System  are  listed  in 
Figures  C2  through  C4,  Appendix  C.  The  data  are  presented  for  each 
structural  region  anticipated  along  the  tunnel  route.  The  best  average 
ground  condition  (Table  23)  was  subdivided  into  two  separate  regions, 
basalt  zones  and  shale  zones.  Station  limits  for  each  zone  are  shown  in 
Figure  18. 


Input  Data  for  Rock  Mass  Classifications 

113.  Input  data  to  enable  rock  mass  classifications  by  the  RSR 
Concept,  the  Geomechanics  Classification,  and  the  Q-System  are  listed  in 
Figures  C2  through  C7,  Appendix  C.  The  data  are  presented  for  each 
structural  region  anticipated  along  the  tunnel  route. 

114.  It  should  be  noted  that  all  the  data  entered  on  the  clas¬ 
sification  input  sheets  have  been  derived  from  the  borings,  including 
information  on  joint  orientation  and  spacing.  This  was  possible  because 
borehole  photography  was  employed  for  borehole  logging  in  addition  to 
the  usual  core  logging  procedures.  However,  considerable  effort  was 
required  in  extracting  the  data  from  the  geological  report  for  the 
classification  purposes  since  engineering  geological  information  was  not 
systematically  summarized  in  the  form  of  classification  input  work 
sheets. 

Assessment  of  Rock  Mass  Conditions  by  Classifications 

115.  Rock  mass  classifications  in  accordance  with  the  Terzaghi 
Method,  the  RSR  Concept,  the  Geomechanics  Classification,  and  the 
Q-System  are  performed  in  Tables  19,  20,  21,  and  22,  respectively,  and 
are  summarized  in  Table  23. 


Tunnel  Design  Features 


lib.  Based  on  the  geological  information,  the  design  of  the 
tunnel  recognizes  the  following  features,  with  reference  to  the  geo¬ 
logical  profile  in  Figure  18: 

■a.  Nominal  support  (8000  ft):  good  rock,  best  average 
conditions,  RQD  >  80  percent,  water  inflow  1  gpm  per 
foot  of  tunnel. 

b_.  Heavy  support  (800  ft):  sta  23  +  10  to  31  +  10.  The 
tunnel  intersects  an  area  of  thin  rock  cover  and  thick 
overburden,  and  rock  conditions  at  tunnel  grade  are 
described  as  very  blocky  and  seamy.  The  rock  is  not 
tight,  dipping  7  to  14  deg,  and  water  inflows  of  4  gpm 
per  foot  of  tunnel  are  anticipated. 

c_.  Steel  support  in  fault  zones  (300  ft):  sta  93  +  50  to 
95  +  50  and  56  +  00  to  57  +  00.  Broken  rock  is  assumed 
due  to  faulting,  dipping  between  20  and  60  deg,  and  a 
low  RQD  of  30  percent.  Pressure  tests  showed  water 
inflows  of  15-20  gpm  per  foot  of  tunnel. 

117.  The  above  rock  conditions  are  summarized  in  Table  19.  The 
designers  believe  (Reference  44,  p.  21)  that  the  actual  conditions  will 
exceed  the  best  average  condition  in  most  of  the  tunnel.  If  machine 
excavation  is  employed,  the  rock  load  factois  are  expected  to  be  reduced 
by  as  much  as  50  percent  in  the  major  portion  of  the  tunnel. 

118.  Excavation  conditions  are  expected  to  depend  on  the  con¬ 
struction  method  selected.  Control  of  water  inflow  and  slaking  for 
conventional  excavation  will  be  provided  by  shotcrete  without  mesh,  but 
no  shotcrete  is  anticipated  if  the  construction  is  by  tunnel  machine 
boring  with  precast  lining.  The  grouted  lining  will  provide  the  necessary 
control  for  reducing  water  inflow  and  any  spalling  near  the  face.  In 

any  case,  only  relatively  low  water  inflow  was  indicated  by  pressure  and 
pump  test  data. 

119.  Geologic  conditions  at  tunnel  grade  are  considered  suitable 
for  machine  boring  of  the  tunnel  accompanied  by  precast  tunnel  lining. 
Because  of  immediate  installation  of  the  lining,  the  tunnel  would  drain 
less  water  under  the  city  since  a  drill  and  blast  tunnel  will  stand  for 
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up  to  out*  year  before  a  permanent  lining  Is  installed.  Machine  excava¬ 
tion  would  also  cause  less  vibrations.  The  anticipated  cost  of  machine 
excavation  with  precast  segments  is  $17.0  million  while  the  cost  of 
conventional  tunneling  would  be  $27.3  million  (including  the  shafts). 

With  respect  to  Figure  19,  note  that  payment  for  concrete  is  up  to  line 
"B"  for  conventional  tunneling  but  only  up  to  line  "A"  (the  minimum 
excavation  line)  for  machine  tunneling. 

120.  The  envisaged  tunnel  designs  for  each  of  the  three  ground 
conditions  are  shown  in  Figure  19.  The  details  of  the  recommended 
primary  (temporary)  support  and  the  final  lining  for  drill  and  blast 
construction  are  presented  in  Figure  19a.  The  basic  design  was  based  on 
the  Terzaghi  Method.  Temporary  rock  supports  will  be  required  only  for 
the  cast-in-place  alternative  and  will  provide  the  primary  rock  support 
for  up  to  one  year  prior  to  placement  of  the  permanent  lining.  For 
machine  tunneling,  this  will  not  be  necessary  (Figure  19b). 

121.  As  the  tunnel  will  be  completely  full  when  in  operation,  the 
design  of  the  tunnel  liner  assumed  a  pressure  of  IS  psi  for  contact 
grouting,  which  would  ensure  that  the  liner  remains  in  compression  under 
net  Internal  load  conditions.  Grouting  will  be  applied  to  the  full 
ring.  For  purposes  of  analyzing  stresses  in  the  concrete  liners,  a 
coefficient  of  subgrade  reaction  of  1000  kci  (580  pcf)  for  the  rock  was 
assumed. 

122.  Tunnel  instrumentation  is  planned  to  provide  for  design 
verification,  future  design  applications,  and  monitoring  of  construction 
effects.  Ten  test  sections  at  locations  based  on  differing  geologic  or 
design  conditions  will  be  Installed  throughout  the  length  of  the  tunnel. 
These  test  sections  will  have  instruments  tailored  to  the  test  areas  but 
will  consist  of  10  extensometers  (MPRX's)  installed  from  the  surface  and 
pore  pressure  transducers,  rockbolt  load  cells,  convergence  points,  and 
surface  and  embedded  strain  gages  Installed  within  the  tunnel.  Further¬ 
more,  in  situ  stresses  will  be  determined  using  the  overcoring  technique. 
The  test  sections  have  been  arranged  to  provide  the  greatest  amount  of 
data  based  on  the  planned  construction  schedule  of  a  TBM  with  precast 
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Figure  19.  Details  of  tunnel  support  (sheet 
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Figure  19  (sheet  2  of  2) 


lining.  Since  the  precast  segments  are  designed  for  the  worst  ground 
conditions  but  are  utilized  throughout  the  tunnel,  they  are  in  effect 
overdesigned  for  the  major  portion  of  the  tunnel.  If  the  instrumen¬ 
tation  program  Indicates  that  higher  strength  units  are  needed  for  a 
particular  section  of  the  tunnel,  the  design  could  be  modified  by 
increasing  the  steel  reinforcement,  which  is  now  at  a  minimum,  and 
keeping  the  same  external  shape. 


Comparison  of  Support  Recommendations 


123.  The  support  recommendations  based  on  four  classification 
systems  are  compared  in  Table  23.  The  following  main  conclusions  may  be 
drawn : 


a.  The  Terzaghi  Method  recommends  the  most  extensive  support 
measures,  which  seem  clearly  excessive  by  comparison 
with  the  recommendations  by  the  other  three  classifi¬ 
cation  systems.  The  reason  for  this  is  three-fold: 

(1)  the  current  permanent  lining  design  does  not  account 
fully  for  the  action  of  the  temporary  support,  which  in 
itself  may  be  sufficient  for  the  structural  stability  of 
the  tupnel;  (2)  the  original  recommendations  by  Deere 

•4 

et  al.  were  based  on  the  Idbh  technology,  which  is  now 
much  outdated;  and  (3)  not  enough  use  is  made  of  the 
ability  of  the  rock  to  support  itself  and  the  recent 
progress  in  the  field  of  rock  mechanics,  i.e.,  the  use 
of  monitoring  to  assess  rock  mass  stability.  Since  the 
Terzaghi  Method  uses  such  qualitative  rock  mass  descrip¬ 
tions  as  "blocky  and  seamy,"  this  does  not  utilize  fully 
all  the  quantitative  information  that  is  often  available 
from  a  site  exploration  program. 

b^.  The  RSR  Concept  is  not  sensitive  enough  for  the  rock 
conditions  encountered;  it  is  limited  to  temporary 
support  only  and  for  steel  support  design. 

_c.  Both  the  Geomechanics  Classification  and  the  Q-System 

give  fairly  similar  recommendations,  and  any  differences 
in  support  prediction  bv  these  two  methods  will  enable 
the  designer  to  exercise  a  better  engineering  judgment. 

d.  The  final  concrete  lining  for  drill  and  blast  construc¬ 
tion  could  possibly  be  reduced  by  6  in.,  which  would 
result  in  savings  of  $2  million  ($650,000  per  2  in.  oi 
concrete).  Since  a  monitoring  program  is  planned,  this 
recommendation  would  not  be  hazardous  to  the  tunnel 
safety. 
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PART  V:  RESEARCH  REQUIREMENTS 

124.  The  present  study  has  revealed  a  number  of  aspects  in  the 
present  tunnel  design  practice,  which  could  benefit  from  further  research 
It  is  believed  that  improved  tunnel  design  procedures,  for  the  construc¬ 
tion  of  safe  and  more  economical  rock  tunnels,  would  result  in  the 
following  areas: 

a.  If  a  better  and  more  systematic  engineering  geological 
description  of  the  rock  mass  conditions  is  provided, 
e.g.,  in  accordance  with  the  input  data  sheets  listed  in 
Appendix  B. 

b.  If  there  is  a  better  communication  and  understanding 
among  all  the  persons  concerned  with  a  tunneling  project. 

£.  If  the  current  tunnel  desigi^practice,  which  is  based  on 
the  revised  Terzaghi  Method  ,  is  supplemented  by  the 
methods  advocated  by  the  more  modern  rock  mass  classi¬ 
fication  systems,  such  as  the  Geomechanics  Classif ication 
the  Q-System,  and  the  RSR  Concept.  These  classification 
systems  make  full  use  of  the  quantitative  data  from  site 
investigations.  No  one  classification  system  should 
necessarily  be  singled  out  to  the  exclusion  of  the 
others;  instead  a  cross-check  of  the  results  should  be 
aimed  for. 

ji.  If  the  action  of  the  temporary  support  (otherwise  known 
as  the  primary  support)  is  fully  incorporated  into  the 
design  of  the  permanent  lining,  the  thickness  and  the 
reinforcement  of  the  latter  could  be  greatly  reduced 
without  endangering  the  safety  of  the  tunnel. 

e.  If  during  the  tunnel  construction  a  more  comprehensive 
tunnel-monitoring  program  could  be  Incorporated,  similar 
to  the  procedures  generally  envisaged  for  the  so-called 
New  Austrian  Tunneling  Method  (NATM),  not  only  the 
adopted  design  could  be  verified  but  a  safe  and  more 
economical  tunnel  construction  would  be  ensured. 

f_.  If  the  reinforced  concrete  linings  are  replaced  by 

shotcrete  and  mesh  linings  in  the  case  of  rock  tunnels, 
other  than  possibly  water  conduits.  Hoygver,  even  water 
tunnels  are  sometimes  left  unsupported. 

£.  If  more  research  is  conducted  into  the  stand-up  time  of 
unsupported  as  well  as  variously  supported  rock  spans, 
more  confidence  could  be  placed  in  the  predictions  from 
the  rock  mass  classification  systems. 

h.  If  more  carefully  documented  tunnel  case  histories  are 
compiled  featuring  comparisons  between  support  designs 


bast'd  on  different  methods,  better  understanding  of 
design  concepts  will  be  achieved. 

125.  Some  of  the  above  requirements  deserve  further  elaboration. 
Thus ,  item  a^  above  means  that  sometimes  even  when  a  well-planned  geo¬ 
logical  Investigation  has  been  conducted,  the  data  presentation  is  not 
well  compiled  so  that  much  additional  time  is  needed  by  the  rock  engineer 
to  extract  the  parameters  needed  for  design.  The  use  of  the  worksheets 
given  in  Appendix  B  would  greatly  simplify  the  input  data  collection. 

12b.  For  a  better  communication  on  a  tunneling  project,  a  training 
program  is  called  for  to  ensure  that  the  geologists  understand  the 
engineers'  requirements  and  that  the  engineers  make  it  clear  as  to  what 
is  needed  and  why  for  design  purposes. 

127.  The  NATN  technique  has  a  number  of  possible  interpretations 
and  constitutes  a  study  on  its  own.  It  should  be  reviewed  in  detail  and 
compared  with  the  current  tunnel  design  procedures. 

128.  The  concept  of  the  temporary  and  permanent  support  appears 
quite  outdated  in  view  of  the  current  rock  engineering  technology  and 
its  use  leads  to  the  overdesign  of  tunnels.  The  concept  could  be 
reexamined  without  endangering  tunnel  safety,  because  any  reduction  in 
tunnel  support  can  be  backed  by  a  suitable  rock  monitoring  program.'* 

129.  The  relationship  between  the  stand-up  time  and  the  rock  span 
requires  verification  from  actual  case  histories  in  the  United  States, 
and  a  research  program  directed  to  this  aspect  would  make  a  great  contri¬ 
bution  in  the  field  of  rock  tunneling.  In  the  Corps  of  Kngineers  tunnel 
research  program,  there  is  a  mechanism  for  how  this  could  be  achieved 
since  Work  Unit  No.  315t>0  calls  for  preparation  of  tunnel  design  revisions 
by  September  1981. 
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PART  VI:  CONCLUSIONS  AND  RECOMMENDATIONS 
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130.  The  current  rock  tunnel  design  practices  do  not  utilize  the 
latest  rock  mass  classification  systems.  These  systems,  such  as  the  HSR 
Concept,  the  Ceomechanics  Classification,  and  the  Q-System,  offer  a 
realistic  and  valuable  alternative  to  the  tunnel  design  procedures  based 
on  the  Terzaghi  (steel  support)  Method. 

131.  There  is  a  need  for  more  research  in  a  number  of  areas  of 
rock  tunnel  design,  and  some  recommendations  are  given  below. 

132.  Case  histories  are  not  easy  to  compile  due  to  the  lack  of 
sufficient  information,  both  concerning  the  geology  and  the  design,  and 
yet  they  constitute  a  most  valuable  source  of  practical  knowledge. 

Recommenda  t ions 


132.  Based  on  this  study,  the  following  recommendations  are  made: 

a.  'Hie  current  tunnel  design  practices  should  he  supple¬ 
mented  by  the  approaches  advocated  by  such  rock  mass 
classification  systems  as  the  Geomechanics  Classifica¬ 
tion,  the  Q-System,  and  the  RSR  Concept.  Tunnel  support 
recommendations  by  all  these  systems  should  be  system¬ 
atically  compared  on  all  tunneling  projects. 

l>.  Engineering  geological  description  of  rock  masses  for 

tunneling  purposes  should  be  compiled  in  accordance  with 
the  data  worksheets  given  in  Appendix  B.  This  would 
greatly  facilitate  a  more  effective  documentation  of 
tunnel  case  histories. 

c_.  A  training  program  for  engineering  geologists  and  tunnel 
engineers  should  be  initiated  to  ensure  a  better  commu¬ 
nication  on  tunneling  projects. 

d.  The  principles  and  potential  of.  the  NATM,  as  the  prime 
example  of  an  observational  tunnel  design  approach, 
should  be  investigated  as  a  systematic  study  and  compared 
with  the  other  design  approaches. 

e^.  Research  should  be  initiated  into  three  areas: 

(1)  The  interaction  of  the  temporary  and  permanent 
support  measures. 
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^ ^  relationship  between  the  stand' 
unsupported,  as  well  as  supported, 

(3)  Systematic  documentation  of  tunnel 
for  comparison  of  rock  conditions, 
and  construction  experience. 


(»n 


•up  time  and 
rock  spans. 

case  histories 
support  design. 
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Table  2 

Rock  Structure  Rating  -  Parameter 
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Table  3 

Reek  Structure  Rating  -  Parameter  B 


Rock  Structure  Rating 
Parameter  "B" 
Joint  Pattern 
Direction  of  Drive 


Strike 


Direction  of  Drive 


Direction  of  Drive 


With  Di 


Dip  of  Prominent  Joints* 
Flat  Dipping  Vertical 


Dip  of  Prominent  Joints* _ 

pping  Vertical  Dipping  Vertical 


O  a  £A  SI  40  46  56 
thickness  in  inches 


1  Very  closely  jointed  9 


2  Closely  Jointed 


3  Moderately  Jointed 


Moderate  to  bloeky 


5  Bloeky  to  massive 


6  Massive 


and  vertical 


Table  1* 

Rock  Structure  Rating:  -  Parameter  C 


Rock  Structure  Rating 
Parameter  "C" 
Ground  Water 
Joint  Condition 


_ _ _ _ _  Max.  Value  25 

Anticipated 

Sum  of  Parameters  A  +  B 

Water 

13  -  41 

4 

V, 

■  -  75 

Inflow 

Joint 

Condition* 

(gpm/1000' ) 

Good 

Fair 

Poor 

Good 

Fair 

Poor 

None 

22 

18 

12 

25 

22 

18 

Slight 

(<200  gpm) 

19 

15 

9 

23 

19 

1U 

Moderate 

(200-1000  gpm) 

15 

11 

7 

21 

1 6 

12 

Heavy 

(>1000  gpm) 

10 

8 

6 

18 

lU 

10 

*  Joint  condition:  Good  =  tight  or  cemented;  Fair  =  slightly  weathered 
or  altered;  Poor  =  severely  weathered,  altered,  or  open. 


Correlation  of  Rock  Structure  Rating  to  Rock  Load  and  Tunnel  Diameter 
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Table  9 


37 

Classification  of  Intact  Rock  Strength 


Uniaxial  Compressive 
Strength 

Description 

lbf/in2 

MPa 

Examples  of  Rock  Types 

Very  low  strength 

150-3500 

1-25 

Chalk,  rocksalt. 

Low  strength 

3500-7500 

25-50 

Coal,  siltstone,  schist. 

Medium  strength 

7500-15000 

50-100 

Sandstone,  slate,  shale. 

High  strength 

15000-30000 

100-200 

Marble,  granite,  gneiss. 

Very  high  strength 

>30000 

>200 

Quartzite,  dolerite, 
gabbro ,  basalt . 

Table 

Classification  for 

10 

3 

■  Joint  Spacing 

Description 

Spacing 

of 

Joints 

Rock  Mass 
Grading 

Very  wide 

>  3m 

> 

10ft 

Solid 

Wide 

lm  to  3m 

3ft  to 

10ft 

Massive 

Moderately  close 

0.3m  to  lm 

1ft  to 

3ft 

Blocky/ seamy 

Close 

50mm  to  300mm 

2in  to 

1ft 

Fractured 

Very  close 

<  50mm 

< 

2in 

Crushed  and 

shattered 


Table  11 


Q-System:  Description  and  Ratings  -  RQP,  J^ 


and 


12 


Rook  Quality  Designation  (RQD) 


Very  poor . 

0-25 

Note : 

Poor . 

25-50 

u) 

Where  RQD  is  reported  or 

Fair . 

*10-75 

measured  as  <  10  (including 

0)  a  nominal  value  of  10  ir. 

Good . 

75-90 

used  to  evaluate  Q  in 

Excellent . 

90-100 

Eq .  ( 1  )  . 

an 

RQD  intervals  of  5,  i.e. 

100,  95*  90  etc.  are 

sufficiently  accurate. 

Joint  Set  Number  (J  ) 

Massive,  no  or  few  Joints 

0. 5-1.0 

Note : 

One  Joint  set . 

o 

c 

u) 

For  intersect  ions  use 

One  Joint  set  plus  random 

3 

(3.0  x  j  ) 
n 

Two  Joint  sets . 

U 

an 

For  portal s  use 

(2.0  *  J  ) 

Two  Joint  sets  plus 

n 

random . 

6 

Three  Joint  sets . 

9 

Three  Joint  sets  plus 

random . 

12 

Four  or  more  Joint  sets. 

random,  heavily  Jointed, 

"sugar  cube",  etc . 

15 

Crushed  rock,  earthlike.. 

20 

Joint  Roughness  Number  (. 

V 

(a)  Rock  vail  contact  and 

Not  e : 

(b)  Rock  vail  contact 

before  10  ems  shear 

( i) 

Add  1.0  if  the  mean  spacing 

of  the  relevant  Joint  set 

Discontinuous  Joints . 

it 

is  greater  than  3  m. 

Rough  or  irregular. 

undulating . 

3 

Smooth,  undulating . 

2 

Not  e  : 

SI ickens ided ,  undulating 

1.5 

(it) 

Jr  *  0.1'  can  be  used  for 

Rough  or  irregular. 

planar  slickensided  Joints 

planar . 

1 .5 

having  lineation,  provided 

the  lineations  are 

Smooth,  planar . 

1.0 

favorably  orientated. 

Slickensided,  planar . 

0.5 

(iii) 

Descriptions  B  to  0  refer 

(c)  No  rock  wall  contact 

to  small  scale  features 

when  sheared 

and  i nt  ermed i at  o  sea 1 e 

features,  in  that  order. 

Zone  containing  clay 

minerals  thick  enough  to 

prevent  rock  vail  contact 

1.0  (nominal) 

Sandy,  gravelly  or 
crushed  zone  thick  enough 
to  prevent  rock  vail 
contact . 


1.0  (nominal) 


Table  12 

Q-System:  Description  and  Ratings  -  J 


Joint  Alteration  Number 


<V 

$r  (approx 

(a)  Rock  wall  contact 

A.  Tightly  healed,  hard,  nonsoftening, 
impermeable  filling  i.e.  quartz  or 
epidote . 

0.75 

(-) 

B.  Unaltered  Joint  walls,  surface 

staining  only . 

1.0 

(25°-35°) 

C.  Slightly  altered  Joint  walls.  Non¬ 
softening  mineral  coatings,  sandy 
particles,  clay-free  disintegrated 
rock  etc . 

2.0 

(25°-30°) 

D.  Silty-,  or  sandy-clay  coatings, 

small  clay- fraction  (non-softening) 

3.0 

(20°-25°) 

E.  Softening  or  low  friction  clay 
mineral  coatings,  i.e.  kaclinite, 
mica.  Also  chlorite,  talc,  gypsum 
and  graphite  etc.,  and  small 
quantities  of  swelling  clays. 

(Discontinuous  coatings,  1-2  mm  or 
less  in  thickness) . 

lt.0 

(8°-l6°) 

(b)  Rock  wall  contact  before  10  cms 
shear 

F.  Sandy  particles,  clay-free 

disintegrated  rock  etc . 

U.O 

(25°-30°) 

G.  Strongly  over-consolidated,  non¬ 
softening  clay  mineral  fillings 
(Continuous,  <5  mm  in  thicknes ) . . . . 

6.0 

(l6°-2l.0) 

H.  Medium  or  low  over-consolidation, 
softening,  clay  mineral  fillings. 

(continuous,  <5  mm  in  thickness)... 

8.0 

(12°-l6°) 

J.  Swelling  clay  fillings,  i.e. 
montmorillonite  (Continuous, 

<5  mm  in  thicknes).  Value  of  J 
depends  on  percent  of  swelling 
clay-size  particles,  and  access 
to  water  etc . 

8.0-12.0 

(6°-12°) 

(c)  No  rock  wall  contact  when 
sheared 

K.  ,  Zones  or  bands  of  disintegrated  or 

L.  ,  crushed  rock  and  clay  (see  G. ,  H. , 

M.  J.  for  description  of  clay 

condition) . 

6.0,  8.0 
or 

8.0-12.0 

(6°-2U°) 

N.  Zones  or  bands  of  silty-  or  sandy 
clay,  small  clay  fraction 
(nonsoftening) . 

5.0 

O.  ,  Thick,  continuous  zones  or  bands  of 

P. ,  clay  (see  G.,  H. ,  J.  for 

R.  description  of  clay  condition) . 

10.0,  13.0 
or 

13.0-20.0 

(6°-2l4°) 

Note: 

(i)  Values  of  ($)r  are  intended  as  an  approximate 
guide  to  the  mineralogical  properties  of  the 
alteration  products,  if  present. 

Q-System:  Description  and  Hating*  -  SHF  and  J  1 


Stress  Heduot  Ion  Faotoj; 


in)  Weakness  tone;;  Intersecting  excavation, 

which  may  cause  loosening  of  rock  mass  when 
tunnel  Is  excavated. 

Multiple  occurrences  of  weakness  tones  contain¬ 
ing  clay  or  chemically  disintegrated  rock,  very 
loose  surrounding  rock  l any  depth) . 

Single  weakness  tones  containing  clay,  or 
chemically  disintegrated  rock  (depth  of  excava¬ 
tion  <50  m) . 

Single,  weakness  tones  containing  clay,  or 
chemically  disintegrated  rock  (depth  of  excava¬ 
tion  >50  m) . 

Multiple  shear  tones  in  competent  rock  (clay 
free),  loose  surrounding  rock  (any  depth) . 

Single  shear  tones  in  competent  rock  (clay 
free)  (depth  of  excavation  <50  ra)..., . 


Single  shear  tones  in  competent  rock  (clay 
free)  (depth  of  excavation  >50  m) . 


Loose  open  Joints,  heavily  Jointed  or  "sugar 
CUl»e"  etc.  (any  depth) . 


(b)  Competent  rock,  rock  stress  problems. 


Low  stress,  near  surface.. 


Medium  stress . . . 

High  stress,  very  tight 
structure  (Usually  favor¬ 
able  to  stability,  may 
be  unfavorable  to  wall 
stabi lity) . 


Mild  rock  burst  (massive 
rock) . 


Heavy  rock  burst  (massive 
rock) . 


(c)  injure 1 1 ng  rock;  plastic  flow  of  incompetent 
rock  under  the  influence  of  high  rock 
pressures . 

Ml  Id  squeezing  rock  pressure . 

Heavy  squeezing  rock  pressure . 

(J)  dwelling  rock;  chemical  swelling  activity 
depending  on  presence  of  water 

Mild  swelling  rock  pressure . 

Heavy  swelling  rock  pressure . 


(i)  Keduce  these  values 
or  anr  by  cs-so*  tr 
the  relevant  shear 
tones  only  influence 
but  do  not  intersect 
the  excavation. 


(ii)  For  strongly  aniso¬ 
tropic  stress  field 
(if  measured):  when 
5  ^  o./Oj  <,  10,  re¬ 
duce  and  o«  to 
0.8  o0  and  O.o  ; 
when  0j/0j  >  10,  re¬ 
duce  <v  and  0t  to 
O.b  o,,  and  0.6 
where:  oc  *  uncon¬ 
fined  compression 
strength,  • 
tensile  strength 
(point  load),  e  and 
o ^  ■  major  and  minor 
principal  stresses. 


( i i i 1  Few  case  records 

available  where  depth 
of  crown  below  surface 
is  less  thatt  span 
width.  Suggest  Onl¬ 
ine  rea  sc  fi\vn  .' .  **  to  5 
for  such  cases  (see  H'. 


doj.tvt.  Water  Heduot  Ion  Factor 


A.  Pry  excavations  or  minor  Inflow,  i.r.  5  t/min. 

local  ly . . . . . . 

B.  Medium  Inflow  or  pressure  occasional  out  wash 

of  Joint  fillings . 


C.  Large  inflow  or  high  pressure  in  competent  rook 
with  unfilled  Joints . 

P.  l-nrge  Inflow  or  high  pressure,  considerable 
’  out wash  of  Joint  fillings . 


1- .  Fxcept tonally  high  Inflow  or  water  pressure  at 
blasting,  decaying  with  time . . 


F.  Exceptionally  high  inflow  or  water  pressure 

con t  i  nu  l  ng  w  1 1.  hout  not  l  ceab  l  e  dec  ay . 


Approx,  water 
pressure 
(kg  cm’  ' 


Note: 

11'  Factors  C  to  F  are 
crude  estimates.  In¬ 
crease  .'w  if  drainage 
measures  are  installed. 

(ll)  Special  problems  canned 
by  ice  formation  nr« 
not  considered. 
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it  00-1 00 
it  00-100 
1.00-100 
it  00-100 


100-i.O 


100-!t0 


100-i.O 


100-ii0 


»t  0-10 


It0-10 


It  0-10 


ItO-lO 


Tuttle  lit 

— ^--rt  .tor,  K tu-ljhw,  of  "Except  lo, nil  t"  »i:,t  reme!  v 

Ca-k*^"  and  “Good"  Quality  (ij  iangg :  1000-10 ) * ? 


Condi  tl. 
JK4D/J 

n 

■nal  Factors 

jTT 

SPAN/ 

KSR  (m) 

P 

kg/ca? 

(approx. ) 

SPAN/ 

KSK  (■' 

Type  of 

— 

" 

- 

<0.01 

20-1.0 

at>  (utg) 

30-60 

i.t'-ttO 

at  (utg) 

65-100 

at'  (utg) 

— 

0.05 

12-30 

19-1*5 

#6  lutg) 

30-65 

it  9-86 

>20 

<20 

>30 

<30 

:: 

~ 

0.25 

8.5-19 

Bt>  lutg) 

B  lutg)  2.5-3  * 

~ 

-- 

0.25 

lit—  30 

H  lutg)  2-3  m 

B  (utg)  1.5-2  ir. 

♦  elm 

<30 

~ 

-- 

0.25 

23-1.8 

B  (tg)  2-t  * 

B  ( tg'  1 . 1  m 

liO 

<30 

♦  elm 

- 

-- 

0.25 

1.0-72 

B  (tg)  2-j  «. 

B  (tg)  1.5-2  a 

iio 

iio 

*1.5 

*1.5 

" 

0.5 

5-Ht 

sb  (utg) 

<10 

>1.5 

B  lutg'  1.5-2  m 

<10 

*1.5 

" 

B  lutg)  1.5-2  ir 

B  lutg)  1.5-2  n 
♦S  2-  ’  eft 

>10 

~ 

0.5 

9-23 

B  (tg)  1 . 5-?  d 

<10 

— 

♦elm 

B  (tg)  1.5-2  a 

— 

— 

<15 

♦S  Imr)  5-10  cm 

B  lutg'  l-W  B 

>10 

— 

" 

0.5 

IS— 1*0 

B  (tg)  1.5-2  m 

<;o 

_ 

♦elm 

>15 

B  Hg'  1.S-?  m 
♦S  Imr'  5-10  em 

" 

0.5 

30-6S 

B  (tg)  1.5-2  p 

♦elm 

B  (tg)  1.5-2  m 

♦0  (•»•'  10-15  em 


Mote 

(Table  iB) 


I 

I 

I 

I 

I,  II 
I,  II 
1,  III 
I,  II,  IV 
I,  IT,  IV 
I.  V,  VI 

r,  v,  vi 


jj 

*  n 

\r  '  a 

KSfl 

l«i’i>rox. ) 

K>B  {ml 

Oil®  port 

lT«M(  18 

17 

10-4 

>30 

— 

_ 

1.0 

3.5-*) 

wb  (utg) 

1 

>10,  VJO 

— 

— 

K  (utg)  1-1.5  m 

1 

<1  0 

>6  m 

B  (utg)  1-1.5  m 
♦S  2- 3  cm 

I 

<10 

— 

<6  w 

S  2-3  ob 

X 

18 

10-4 

>5 

— 

>10  ■ 

1.0 

7-15 

B  (tg)  1-1.5  m 
♦elm 

I.  Ill 

— 

<10  a 

B  (utg)  1-1 .5  B 
♦elm 

1 

<s 

VI 0  m 

B  (tg'  1-1.5  m 
♦S  2-3  e» 

I,  111 

<s 

““ 

<10  B 

B  (utg)  1-1.5  b 
♦S  2-  3  cm 

1 

19 

10-4 

— 

— 

>20  « 

1.0 

12-29 

H  (tg)  1-2  m 
♦S  (mr)  10-15  cm 

1,  11.  IV 

~ 

““ 

<20  m 

B  (tg)  1-1.5  m 
♦S  Vmr)  5-10  cm 

I.  11 

jO* 

10-4 

— 

— 

i?’  ■ 

1.0 

24-52 

B  (tg)  1-2  m 

I,  V,  VI 

Sc* 

♦S  !mr)  20-25  cm 

not*  XU 

““ 

<35  b 

B  (tg)  1-2  m 
♦S  (mr)  10-20  cm 

I.  11,  IV 

21 

4-1 

£12.5 

<0.75 

— 

1.5 

2.1-6. 5 

B  (utg)  1  m 

I 

♦S  2-  3  cm 

<12.5 

<0.75 

— 

S  2.5-5  cm 

l 

— 

>0.7*' 

— 

B  (utg)  1  m 

I 

22 

4-1 

>10,  <30 

>1.0 

— 

1.5 

4.5-11.5 

B  (utg)  1  u  ♦  elm 

1 

<10 

>1.0 

— 

S  .’.‘'-7.*'  cm 

1 

Tto 

<1.0 

— 

B  (utg)  i  m 
♦S  imr)  2.5-5  cm 

l 

>30 

— 

— 

B  (utg)  1  m 

1 

?3 

4-1 

— 

— 

*15  m 

1.5 

8-24 

B  (tg)  1-1.5  m 

1,  II,  IV. 

♦S  («r)  10-15  cm 

Vll 

— 

— 

<15  m 

B  (utg)  1-1.5  m 
♦  (n 

I 

2k • 

4-1 

— 

— 

V30  n 

1.5 

18-46 

B  (tg)  1-1. s  m 

I.  V.  VI 

See 

• 

not*  XU 

— 

<30  b 

tg) 

* 

I,  II,  IV 

Authors'  «v-t  imntr-i  of  support.  Insufficient  on®*  rreor-1*  available  for  reliable  eat  i  rant  ion  of  n»jpp.  rt  requirement* 


Table  16 


.2 


^  «v/»  » yi  »tri  j  ■ ' 11 1  i  yumny  \  ■<:  nange :  i.u-U.i; 


Conditional 

P 

Support 

Factors 

SPAN/ 

kg/ cm2 

Category 

-  3 

RQD/J.. 

J--  / 

ESB  (m) 

(approx. ) 

25 

1.0-0. 4 

>10 

>0.5 

__ 

2.25 

<,10 

>0.5 

— 

— 

10.5 

~ 

26 

1.0-0. u 

— 

— 

2.25 

27 

1. O-O.U 

— 

— 

.>12  m 

2.25 

- 

- 

<12  u 

- 

- 

>12  m 

-- 

- 

<12  m 

28* 

1.0-0. 4 

__ 

.>30  m 

2.25 

See 

note  XII 

— 

— 

«>?0,  <30 

— 

— 

<20  m 

29* 

0. 4-0.1 

>5 

>0.25 

3.0 

£5 

*0.25 

— 

— 

<p.25 

— 

30 

0. 4-0.1 

.>5 

— 

— 

3.0 

<5 

_ 

_ 

31 

0. 4-0.1 

>4 

— 

— 

3.0 

<.4,  >1.5 

_ 

_ 

<1.5 

~ 

32 

0. 4-0.1 

,>20  m 

3.0 

See 

note  XII 

— 

— 

<20  m 

SPAN/ 

ESB  (m) 

Type  of 

Support 

Note 

(Table  18) 

1.5-4. 2 

B  (utg)  1  m  +  mr  or  elm 

I 

B  (utg)  1  m  +  S  (mr)  5  cm 

I 

B  (tg)  1  m  +  S  (mr)  5  cm 

I 

3. 2-7. 5 

B  (tg)  1  m 

+S  (mr)  5-7-5  cm 

VIII,  X,  XI 

B  (utg)  1  m  +  S  2.5-5  cm 

I,  IX 

6-18 

B  (tg)  1  m 

+S  (mr)  7-5-10  cm 

I,  IX 

B  (utg)  1  m 

+S  (mr)  5-7-5  cm 

I,  IX 

CCA  20-40  cm 
♦B  (tg)  1  m 

VIII,  X,  XI 

S  (mr)  10-20  cm 
+B  ( tg)  1  m 

VIII,  X,  XI 

15-38 

B  (tg)  1  m 

♦S  (mr)  30-40  cm 

r,  rv,  v,  ix 

B  (tg)  1  m 

+S  (mr)  20-30  cm 

I,  II,  IV,  IX 

B  (tg)  1  m 

+S  (mr)  15-20  cm 

I,  II,  IX 

CCA  (sr)  30-100  cm 
+B  (tg)  1  a 

IV,  VIII,  X,  XI 

1. 0-3.1 

B  (utg)  1  m  +  S  2-3  cm 

_ 

B  (utg)  1  m  +  S  (mr)  5  cm 

_ 

B  (tg)  1  m  ♦  S  (mr)  5  cm 

— 

2.2-6 

B  (tg)  1  m  +  S  2.5-5  cm 

IX 

S  (mr)  5-7.5  cm 

IX 

B  (tg)  1  m 
+S  (mr)  5-7-5  cm 

VIII,  X,  XI 

4-14.5 

B  (tg)  1  m 

+S  (mr)  5-12.5  cm 

IX 

S  (mr)  7-5-25  cm 

IX 

CCA  20-40  cm 
♦B  (tg)  1  ra 

rx,  xi 

CCA  (sr)  30-50  cm 
♦B  (tg)  1  m 

VIII,  X,  XI 

11-34 

B  (tg)  1  m 

+S  (mr)  40-60  cm 

II,  IV,  IX,  XI 

B  (tg)  2  m 

+S  (mr)  20-40  cm 

III,  IV,  IX,  XI 

CCA  (sr)  40-120  cm 
+B  (tg)  lm 

IV,  VIII,  X,  XI 

*  Authors’  estimates  of  support.  Insufficient  case  records  available  for  reliable  estimation  of  support  requirements. 
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Q-Sy  stem: 


Supplementary  Notes  for  Support  Tables 


12 


I.  For  cases  of  heavy  rock  bursting  or  "popping,"  tensioned  bolts  with 
enlarged  bearing  plates  often  used,  with  spacing  of  about  1  m  (occa¬ 
sionally  down  to  0.8  m).  Final  support  when  "popping"  activity  ceases. 

II.  Several  bolt  lengths  often  used  in  same  excavation,  i.e.  3,  5  and  7  m. 

III.  Several  bolt  lengths  often  used  in  same  excavation,  i.e.  2,  3  and  It  m. 

IV.  Tensioned  cable  anchors  often  used  to  supplement  bolt  support  pressures, 
'typical  spacing  2— m. 

V.  Several  bolt  lengths  often  used  in  some  excavations,  i.e.  6,  8  and  10  m. 

VI.  Tensioned  cable  anchors  often  used  to  supplement  bolt  support  pressures. 
Typical  spacing  U— 1>  m. 

VII.  Several  of  the  older  generation  power  stations  in  this  category  employ 

systematic  or  spot  bolting  with  areas  of  chain  link  mesh,  and  a  free 

span  concrete  arch  roof  (25-kO  cm)  as  permanent  support. 

VIII.  Cases  involving  swelling,  for  instance  montmorillonite  clay  (with  access 
of  water).  Room  for  expansion  behind  the  support  is  used  in  cases  of 
heavy  swelling.  Drainage  measures  are  used  where  possible. 

IX.  Cases  not  involving  swelling  clay  or  squeezing  rock. 

X.  Cases  involving  squeezing  rock.  Heavy  rigid  support  is  generally  used 
as  permanent  support. 

XI.  According  to  the  authors’  experience,  in  cases  of  swelling  or  squeezing, 
the  temporary  support  required  before  concrete  (or  shotcrete)  arches 
are  formed  may  consist  of  bolting  (tensioned  shell-expansion  type)  if 
the  value  of  RQD/Jn  is  sufficiently  high  (i.e.  >1.5),  possibly  combined 
with  shotcrete.  If  the  rock  mass  is  very  heavily  jointed  or  crushed 
(i.e.  RQD/Jn  <  1.5,  for  example  a  "sugar  cube"  shear  zone  in  quartzite), 
then  the  temporary  support  may  consist  of  up  to  several  applications  of 
shotcrete.  Systematic  bolting  (tensioned)  may  be  added  after  casting 
the  concrete  (or  shotcrete)  arch  to  reduce  the  uneven  loading  on  the 
concrete,  but  it  may  not  be  effective  when  RQD/Jn  <  1.5,  or  when  a  lot 
of  clay  is  present,  unless  the  bolts  are  grouted  before  tensioning. 

A  sufficient  length  of  anchored  bolt  might  also  be  obtained  using  quick 
setting  resin  anchors  in  these  extremely  poor  quality  rock-masses. 
Serious  occurrences  of  swelling  and/or  squeezing  rock  may  require  that 
the  concrete  arches  are  taken  right  up  to  the  face,  possibly  using  a 
shield  ns  temporary  shuttering.  Temporary  support  of  the  working  face 
may  also  be  required  in  these  cases. 

XII.  For  reasons  of  safety  the  multiple  drift  method  will  often  be  needed 

during  excavation  and  supporting  of  roof  arch.  Categories  lb,  20,  2k, 
28,  32,  35  (SFAN/ESR  >  15  m  only). 

XIII.  Multiple  drift  method  usually  needed  during  excavation  and  support  of 
arch,  walls  and  floor  in  cases  of  heavy  squeezing.  Category  38 
(SPAN/ESR  >  10  m  only). 
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Table  21 


Rock  Mass  Clas; 

sificntions  for 

the  Park  River  Tunnel  .n 

Accordance 

with  the  Geomechanics  Classification 

Parameter 

Be s  t  Ave rage  Cond  i  t,  i  on  s 

Worst  Average  Conditions 

Fault  Zones 

and  Region 

Region  1 

Region  2 

St  a  23+00  t  '  31+00 

Region  3 

Intact  rock 

7 

7 

7 

7 

strength 

RQD 

20 

20 

13 

1* 

Joint  spacing 

20 

20 

10 

5 

Joint  condition 

20 

22 

10 

6 

Groundwater 

8 

10 

7 

It 

In  situ  rating 

75 

79 

**7 

26 

Joint 

-5 

-5 

-10 

-10 

orientation 

RMK 

Good  rock 
TO 

Good  rock 

7  It 

Poor  rock 

37 

Very  poor  rock 
16 

Maximum  span 
and  stand-up 
time 

55  ft  at  2-1/2 
months  or 

26  ft  at 

U  months 

26  ft  at  6 
months 

18  ft  at  12  hr 

5  ft  at  1/2  hr 

Support 

Locally  bolts  in  roof  10  ft 
long  at  8  ft  plus  occa¬ 
sional  mesh,  shotcrete 

2  in.  thick 

Systematic  bolts 

12  ft  long  at  5  ft 
shotcrete,  5  in, 
wire  mesh 

Ribs  at  2-1/2  ft 
bolts  IS  ft 
long  at  3  ft. 
shotcrete , 

8  in.  wire 
mesh 

Note:  For  input  data  sheets  see  Appendix  C. 
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Note:  For  input  data  see  Appendix 
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Table  A1 


1  ■  Hock  load  Class!  float  ion  for  Dtooi  Arch -'Curort  rd  Tun  nr  1  s' 
(Rock  Load 


:  n  Feet  .  f  Hi  vk  s.  Hot  f  ••!'  :  i)  i  •  •  r t  in  Tunnel  With 


Wi.it h  B  (feet)  aiid  Height 
Than 


H  (feet)  at  n  Depth  of  Wore 


I .  *>(  B  ♦  H  ))• 


Hock  Condition 

Hook  i«oad  in  Feet. 

Hard  and  intact  . 

Zero 

Hard  stratified  or 
schl s  to sc . •• 

0  to  O.SP  | 

Massive,  mode rat oly 
Jointed. 

o  to  a. .’••it  t 

Moderately  blocky  and 
seamy . 

0.2">P  to  0.  1S(P  *  H  ) 

Very  blocky  and  seamy. 

(o.  i*.  to  v.io)  in  ♦  n( ) 

Completely  crushed 
but  chemically  intact. 

1. 10(11  ♦  II  ) 

Squeezing  rock, 
moderate  depth. 

(1.10  to  .’.10)  (B 

Squeezing  rock , 
great  depth. 

(.'.  10  to  !| .  SO)  (II  «  II  )  1 

Dwelling  rock. 

Up  to  .'l,0  feet  ,  irres¬ 
pective  of  the  value  of 
(P  ♦  H  ) 

_  _ Hemarks  _ _ _ 

Light  lining  required  only  if  spalling 
or  popping  occurs. 

l  ight  support,  mainly  for  protect  ion 
against  spalls.  Load  may  change 
erratically  from  point  to  point  . 

No  side  pressure. 

little  or  no  side  pressure. 

Considerable  side  pressure.  Softening 
effects  of  seepage  towards  bottom  of 
tunnel  requires  either  continuous 
support  for  lower  ends  of  ribs  or 
circular  ribs. 

Heavy  side  pressure,  invert  struts 
required.  Circular  ribs  are 
recommended . 


Circular  ribs  are  required, 
extreme  cases  use  yielding 


In 

support  . 


The  roof  of  the  tunnel  is  assumed  to  be  located  below  the  water  table.  It*  it  is  located 
permanently  above  the  water  table,  the  values  given  for  types  ^  to  P  can  be  reduced  by 
fifty  percent. 

Dome  of  the  most  common  rook  format  ions  contain  layers  of  shale.  In  an  unweathered  state, 
real  shales  are  no  worse  than  other  stratified  rocks.  However,  the  term  shale  is  often 
applied  t.'  firmly  comparted  clay  sediments  which  have  not  yet  acquired  the  properties  of  rock . 
Cue h  so-called  shale  may  behave  in  a  t unite l  like  squeezing  or  even  swelling  rock. 

If  a  rock  format  ion  consists  of  a  sequence  of  horizontal  layers  of  sandstone  or  limestone  and 
of  immature  shale,  the  excavation  of  the  tunnel  is  commonly  associated  with  a  gradual  com¬ 
pression  of  the  rock  on  both  sides  of  i hr  tunnel.  Involving  a  downward  movement  of  the  roof. 
Furthermore,  the  relatively  low  res  I  *•  we  against  slippage  at  the  boundaries  between  the  so- 
called  shale  ami  the  rock  is  likely  t.  reduce  very  considerably  the  capacity  of  the  rock 
located  above  the  roof  t.<  bridge.  Hence,  in  such  formations,  the  roof  pressure  may  be  as 
heavy  nn  In  very  blocky  and  seamy  rock. 
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Table  A2 

Rook  Loads  and  Classification 


-J. 


u8 

9£_ 

go 


10 


1" 


ri 

«  a 

at  4) 
t. 
4) 

.O 


Rock  Load ,  H 


Initial  Final 


Remarks 


1.  Hard  and  Intact 

0 

0 

?,  I-  Lining  only  is  spalling 

9  5 

wi.  or  popping 

M  *4 

4’ 

2.  Hard 
Strati¬ 
fied  or 
Schistose 

0 

0.25B 

***  &  Spalling  common 

4’  2 
t*  co 
•H  xz  • 
wo** 

C 

0 

0.5B 

o  D  -H  ■  ■  .  -  -  - 

k"  o  8.  Side  Pressure  if  strata 

77 1-1  o  inclined,  some  spalling 

rH  O  *J 
flj  T* 

3.  Massive,  moderately 
Jointed 

k.  Moderately  blocky 
and  seamy 

0 

v  7  ;  - 

V.  4>  4* 

4>  ai  t: 

C  ^4  *H 

4>  ^  Q 

(3  MO. 

1.  Very  blocky, 
seamy  and 
shattered 

0 

to 

0.6C 

0.35C 

to 

1.1C 

Little  or  no  aide 
pressure 

6.  Completely 
crushed 

7.  Gravel  and  sand 

1.1C 

Considerable'  side 
pressure.  If  seepage, 
cont i nuous  support . 

0. 5kC 
to 

1 . 2C 

0.62C 

to 

1.30C 

Dense 

Side  pressure 

l’h  =  0.3Y  (0.5Ht  +  Hp) 

Loos  e 

O.dkC 

to 

1.2C 

1.08C 

to 

1 . 38c 

8.  Squeezing, 

moderate  depth 

1.10 

to 

2. 1C 

Heavy  side  pressure. 
Continuous  support 
required. 

9.  Squeezing, 
great  depth 

2. 1C 
to 

k.SC 

10.  Swelling 

up  to 
250’ 

Use  circular  support.  In 
extreme  cases :  y ie 1 d i ng 
support . 

Notes:  l)  For  rock  classes  U ,  5 ,  6,  7 ,  when  aboveground  water  level,  reduce 
loads  by  hot. 

0 )  For  sands  (7).  Rpmin  for  movements  (-0.010  to  0.000)  Hpmax 

for  large  width  movements  (-0.110). 

3)  B  Is  tunnel  width,  C  =  R  +  Hp  =  width  +  height  of  tunnel  (in  feet). 

For  circular  tunnel,  0  *  .’B  *  CH(  . 

U)  >  =  densit..,  of  medium,  lbs/ft?. 
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Table  A3 


Rijr  *  90  A.  Boring  Machine  Hone  to  oce.  light 

«»t.  Hock  load 

1 0. 0-0.2 )B. 


None  to 

occasional 


None  to  occ . 
local 

appl l cat  Ion 


GOOD 


1) 


75  <  HOD  *  90 


Conventional  Hone  to  occ.  light  Hone  to  Hone  to  occ. 

set.  Rock  load  occasional  local  applica- 

10. 0-0. 3)B.  tion  2  In.  to 

3  In. 


Boring  Machine  Occ.  light  sets  to  Occasional  to 

pattern  on  5-ft  pattern  on  5-ft 

to  6- ft  ctr.  to  6-ft  centers 

Rock  load  (0.0  to 
0.1*)B. 

Conventional  Light  sets,  5-ft  to  Pattern,  5-ft  to 

6-ft  ctr.  Rock  6- ft  centers 

load  (0.3  to 
0.6)B. 


None  to  occ. 
local  applica¬ 
tion  2  in.  to 
3  in. 


Occ.  local  appli¬ 
cation  2  in.  to 
3  in. 


FAIR 


SO  «  RQT  <  75 

A. 

Boring  Machine 

Light  to  medium  sets, 

5-ft  to  6-ft  ctr. 

Rock  load 
(O.W-l.O)B. 

Pattern,  L-ft  to 
6-ft  ctr. 

B. 

Conventional 

Light  to  medium  sets, 

L-ft  to  5-ft  ctr. 

Rock  load 
(0.6-1. 3)B. 

Pattern  3-ft  to 
5-ft  ctr. 

P00R?' 

25  <  RQC  «  50 

A. 

Boring  Machine 

Mrdium  circular  Sets 
on  3- ft  to  L-ft 
ctr.  Hock  load 
(1.0-1.61B. 

Pattern,  3-ft  to 
5-ft  ctr. 

VERY  POOP 3 } 

B. 

Conventional 

Medium  to  heavy  sets 

on  2-ft  to  U-ft 
ctr.  Rock  load 
( 1 . 3-2 . 0 )  B . 

Pattern,  .’-ft  to 
L-ft  ctr. 

R<jr  «  25 
( Excluding 
squeezing  or 
swell ing 
ground. ) 

A. 

Boring  Machine 

Medium  to  heavy 
circular  sets  on 

2-ft  ctr.  Rock 
load  (1.6  to 

Pattern,  2-ft  t 
U-ft  ctr. 

B. 

Conventional 

Heavy  circular  sets 
on  2-ft  ctr. 

Rock  load  (2.0  to 

2.8)B. 

Pattern,  3-ft 
center. 

1*) 

VERY  POOR 

(Squeezing 
or  swelling. ) 

A. 

Boring  Machine 

Very  heavy  circular 
sets  on  2-ft  ctr. 

Rock  load  up  to 
?50-ft . 

Pattern,  2-ft  to 
3-ft  ctr. 

B. 

Convent ional 

Very  heavy  circular 
sets  on  2-ft  ctr. 

Rock  load  up  to 

250- ft. 

Pattern,  2-ft  to 
3-ft  ctr. 

2  in.  to  U  in.  on 
crown 


L  in.  or  as  re 
crown  and  aides 


I*  in.  t*  t  in.  on 
crown  and  sides. 
Combine  with 
bolts . 

6  in.  or  isore  on 
crown  and  sides. 
Combine  with 
bolts. 


6  in.  or  mere  on 
whole  section. 
Combine  with 
medium  sets. 

6  in.  or  more  on 
whole  section. 
Combine  wit 
medium  to  heavy 
sets . 


t>  In.  or  more  on 
whole  section. 
Combine  with 
heavy  sets. 

6  in.  or  more  on 
whole  section. 
Combine  with 
heavy  sets. 


Notes  1)  In  good  anl  excellent  quality  rock,  the  support  requirement  will  be,  in  general,  minima,  but  will  be  dependent  upon 
Joint  geometry,  tunnel  diameter,  and  relative  rientatlons  of  Joints  and  tunnel. 

.  '  Lagging  requirement:-,  will  usually  be  zero  in  excellent  rock  and  will  range  trom  uj  t  .'*>*  in  good  rock  to  1^'t  in 
very  poor  rock. 

3)  Mesh  requirements  usually  will  be  zero  in  excellent  rock  and  will  range  fr.  m  ocas  tonal  mesh  (or  strati-'  in  good  rock 
to  100<  mesh  in  very  poor  rock. 

U )  B  •  tunnel  width. 


APPENDIX  B: 

for  rock 


SUMMARY  OF  PROCEDURES 
MASS  CLASSIFICATIONS 


1.  The  procedures  for  rock  mass  classifications  are  summarized 
here  for  the  convenience  of  the  engineering  geologists  responsible  for 
the  collection  of  geological  data. 

Geomechanics  Classification-Rock  Mass  Rating  (RMR)  System 

2.  This  engineering  classification  of  rock  masses,  especially 
evolved  for  rock  tunneling  applications,  utilizes  the  following  six 
parameters,  all  of  which  are  determined  in  the  field: 

Uniaxial  compressive  strength  of  intact  rock  material, 
b^.  Rock  quality  designation  (RQD). 

£.  Spacing  of  discontinuities, 
ci.  Condition  of  discontinuities. 
e_.  Orientation  of  discontinuities. 
t_.  Groundwater  conditions. 

The  rock  mass  along  the  tunnel  route  is  divided  into  a  number  of  struc¬ 
tural  regions,  and  the  above  six  classification  parameters  are  determined 
for  each  structural  region  and  entered  onto  the  standard  input  data 
sheet  (Figure  Bl).  The  following  explanations  and  terminology  are 
relevant . 

Structural  regions 

3.  These  regions  are  geological  zones  of  rock  masses  in  which 
certain  features  are  more  or  less  uniform.  Although  rock  masses  are 
discontinuous  in  nature,  they  may  nevertheless  be  uniform  in  regions 
when,  for  example,  the  type  of  rock  or  the  spacings  of  discontinuities 
are  the  same  throughout  the  region.  In  most  cases,  the  boundaries  of 
structural  regions  will  coincide  with  such  major  geological  features  as 
faults  and  shear  zones. 

Discontinuities 

A.  This  term  means  all  discontinuities  in  the  rock  mass,  which 
may  be  technically  Joints,  bedding  planes,  minor  faults,  or  other 
surfaces  of  weakness.  It  excludes  major  faults  that  will  be  considered 
as  structural  regions  of  their  own. 
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Figure  Bl.  Standard  input  data  sheet 


1 


Intact  rock  strength 

5.  The  uniaxial  compressive  strength  of  rock  material  is  deter¬ 
mined  in  accordance  with  the  standard  laboratory  procedures,  but  for  the 
purpose  of  rock  classification,  the  use  of  the  well-known,  point-load 
strength  index  is  recommended.  The  reason  is  that  the  index  can  be 
determined  in  the  field  on  rock  core  retrieved  from  borings  and  the  core 
does  not  require  any  specimen  preparation.  Using  simple  portable  equip¬ 
ment,  a  piece  of  drill  core  is  compressed  between  two  points.  The  core 
fails  as  a  result  of  fracture  across  Its  diameter.  The  point-load 
strength  index  is  calculated  as  the  ratio  of  the  applied  load  to  the 
square  of  core  diameter.  A  close  correlation  exists  (to  within 
-20  percent)  between  the  uniaxial  compressive  strength  and  the  point¬ 
load  strength  index  I  such  that  for  standard  NX  core  (2. lb-in.  diam), 

J  ■  24  I  , 

s 

Rock  quality  designation  (RQD) 

b.  This  quantitative  index  is  based  on  a  modified  core  recovery 
procedure,  which  incorporates  only  those  pieces  of  core  that  are  A  in. 
or  greater  in  length.  Shorter  lengths  of  core  are  ignored  as  they  are 
considered  to  be  due  to  close  shearing,  jointing,  or  weathering  in  the 
rock  mass.  It  should  be  noted  that  the  RQD  disregards  the  influence  of 
discontinuity  tightness,  orientation,  continuity,  and  gouge  material. 
Consequently,  while  it  is  an  essential  parameter  for  core  description, 
it  is  not  the  sufficient  parameter  for  the  full  description  of  a  rock 
mass . 

7.  For  RQD  determination,  the  International  Society  for  Rock 
Mechanics  recommends  double— tube,  N-size  core  barrels  (core  diameter  of 
2.1b  in.).  The  accepted  divisions  of  RQO  values  are  as  follows: 

RQD,  percent  Core  Quality 


90-100 

Excel  lent 

75-90 

Uood 

50-75 

Fair 

25-50 

Poor 

<  25 

Very  poor 

A 


l.  ■ 

i 

b 
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Spacing  arui  or ienta- 
t  ton  ot  (.11  sc  out  inut  t  les 

8.  The  spacing  of  discontinuities  is  the  mean  distance  between 
the  planes  of  weakness  In  the  rock  mass  In  the  direction  perpendicular 
to  the  discontinuity  planes.  The  strike  of  discontinuities  is  generally 
recorded  with  reference  to  magnetic  north.  The  dip  angle  is  the  angle 
between  the  horizontal  and  the  Joint  plane  taken  in  a  direction  in  which 
the  plane  dips. 

Condition  of  dlscont lnu  1 1 ies 

9.  Tills  parameter  includes  roughness  of  the  discontinuity 
surfaces,  their  separation  (distance  between  the  surfaces),  their  length 
or  continuity  (persistence),  weathering  of  the  wall  rock  of  the  planes 
of  weakness,  and  the  infilling  (gouge)  material.  The  Task  Committee  of 
the  American  Society  of  Civil  Engineers  set  up  the  following  weathering 
classification,  which  should  be  used: 

a.  Tnweathered .  No  visible  signs  are  noted  of  weathering; 
rock  fresh;  crystals  bright. 

b^.  Slightly  weathered  rock.  Discontinuities  are  stained  or 
discolored  and  may  contain  a  thin  tilling  of  altered 
material.  Dlscolorat ion  may  extend  into  the  rock  from 
the  discontinuity  surfaces  to  a  distance  of  up  to 
20  percent  of  the  discontinuity  spacing. 

c -  Moderately  weathered  rock.  Slight  dlscolorat ton  extends 
from  discontinuity  planes  for  a  distance  greater  than 
20  percent  of  the  discontinuity  spacing.  Discon¬ 
tinuities  may  contain  filling  of  altered  material. 
Partial  opening  of  grain  boundaries  may  be  observed, 

d_.  Highly  weathered  rock.  Dlscolorat ion  extends  throughout 
the  rock,  and  the  rock  material  is  partly  friable.  The 
original  texture  of  the  rock  has  mainly  been  preserved, 
but  separation  of  the  grains  has  occurred. 


v_.  Completely  weathered  rock.  The  rock  is  totally  dis¬ 
colored  and  decomposed  and  in  a  friable  condition.  The 
external  appearance  is  that  of  soil.  Internally,  the 
rock  texture  is  partly  preserved,  but  the  gtalns  have 
c  om  p 1 e  t e l y  se  pa  rated. 

It  should  be  noted  that  the  boundary  between  rock  and  soil  is  defined  in 


terms  ot  the  uniaxial  compressive  strength  and  not  in  terms  of  weathering. 
A  material  with  the  strength  equal  to  or  above  150  psi  is  considered  as 
rock . 


y 


10.  Furthermore ,  in  rock  engineering,  the  information  on  the 
rock  material  strength  is  preferable  to  that  on  rock  hardness.  The 
reason  is  that  rock  hardness,  which  is  defined  as  the  resistance  to 
indentation  or  scratching,  is  not  a  quantitive  parameter  and  is  subjec¬ 
tive  to  a  geologist's  personal  opinion.  It  has  been  employed  in  the 
past  before  the  advent  of  the  point-load  strength  index  that  can  now 
assess  the  rock  strength  in  the  field.  For  the  sake  of  completeness, 
the  following  hardness  classification  was  used  in  the  past: 

j».  Very  soft  rock.  Material  crumbles  under  firm  blow  with 
a  sharp  end  of  a  geological  pick  and  can  be  peeled  off 
with  a  knife. 

b^.  Soft  rock.  Material  can  be  scraped  and  peeled  with  a 

knife;  Indentations  1/lb  to  1/8  in.  show  in  the  specimen 
with  firm  blows. 

c_.  Medium  hard  rock.  Material  cannot  be  scraped  or  peeled 
with  a  knife;  hand-held  specimen  can  be  broken  with  the 
hammer  end  of  a  geological  pick  with  a  single  firm 
blow. 

d.  Hard  rock.  Hand-held  specimen  breaks  with  hammer  end 
of  pick  under  more  than  one  blow. 

j?.  Very  hard  rock.  Specimen  requires  many  blows  with 
geological  pick  to  break  through  Intact  material. 

It  can  be  seen  from  the  above  that  for  the  lower  ranges  up  to  medium 
hard  rock,  hardness  can  be  assessed  from  visual  inspection  and  by 
scratching  with  a  knife  and  striking  with  a  hammer.  However,  for  rock 
having  the  uniaxial  compressive  strength  of  more  than  3500  psi,  hardness 
classification  ceases  to  be  meaningful  due  to  the  difficulty  of  distin¬ 
guishing  by  the  "scratchability  test"  the  various  degrees  of  hardness. 

In  any  case,  hardness  is  only  indirectly  related  to  rock  strength,  the 
relationship  being  between  the  uniaxial  compressive  strength  and  the 
product  of  hardness  and  density  expressed  in  the  following  formula: 

log  o  -  0.0001s  >  R  +  31b 

where 

Y  “  dry  unit  weight,  pcf 

R  ■  Schmidt  hardness  (L-hammer) 

11.  Roughness  or  the  nature  of  the  asperities  in  the  discon¬ 
tinuity  surfaces  is  an  Important  parameter  characterizing  the  condition 


of  dlscont inulties.  Asperities  that  occur  on  discontinuity  surfaces 
interlock,  if  the  surfaces  are  clean  and  closed,  and  inhibit  shear 
movement  along  the  discontinuity  surface.  This  restraint  on  movement  is 
of  two  types.  Small  high-angle  asperities  ate  sheared  off  during  shear 
displacement  and  effectively  increase  the  peak  shear  strength  of  the 
fracture.  Such  asperities  are  termed  roughness.  Large,  low-angle 
asperities  cannot  be  sheared  off  and  "ride"  over  one  another  during 
shear  displacement,  changing  the  initial  direction  of  shear  displace¬ 
ment.  Such  large  asperities  are  termed  waviness  and  cannot  be  reliably 
measured  in  core. 

12.  Roughness  asperities  usually  have  a  base  length  and  ampli¬ 
tude  measured  in  terms  of  tenths  of  an  inch  and  are  readily  apparent  on 
a  core-sized  exposure  of  a  discontinuity.  The  applicable  descriptive 
terms  are  defined  below  (state  also  if  surfaces  are  stepped,  undulating, 
or  planar): 

a_.  Very  rough.  Near  vertical  steps  and  ridges  occur  on  the 
discont inuity  surface. 

b^.  Rough.  Some  ridge  and  side-angle  steps  are  evident; 

asperities  are  clearly  visible;  and  discontinuity  surface 
feels  very  abrasive. 

c_.  Slightly  rough.  Asperities  on  the  discontinuity  surfaces 
are  distinguishable  and  can  be  felt. 

<i .  Smooth .  Surface  appears  smooth  and  feels  so  to  the 
touch . 

e_.  SI  ickenslded .  Visual  evidence  of  polishing  exists. 

13.  Separation  or  the  distance  between  the  discontinuity  surfaces 
controls  the  extent  to  which  the  opposing  surfaces  can  interlock  as  well 
as  the  amount  of  water  that  can  flow  through  the  discontinuity.  In  the 
absence  of  interlocking,  the  discontinuity  filling  (gouge)  controls 
entirely  the  shear  strength  of  the  discontinuity.  As  the  separation 
decreases,  the  asperities  of  the  rock  wall  tend  to  become  more  inter¬ 
locked,  and  both  the  filling  and  the  rock  material  contribute  to  the 
discontinuity  shear  strength.  The  shear  strength  along  a  discontinuity 
is  therefore  dependent  on  the  degree  of  separation,  presence  or  absence 
of  filling  materials,  roughness  of  the  surface  walls,  and  the  nature  of 
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the  filling  material.  The  description  of  the  separation  of  the  discon¬ 
tinuity  surfaces  is  given  in  millimetres  as  follows: 

a.  Very  tight:  <0.1  mm. 

b.  Tight:  0. 1-0.5  mm. 

£.  Moderately  open:  0.5-2. 5  mm. 

ji.  Open:  2.5—10  mm. 

e_.  Very  wide:  10-25  mm. 

Note  that  where  the  separation  is  more  than  25  mm,  the  discontinuity 
should  be  described  as  a  major  discontinuity. 

14.  The  infilling  (gouge)  has  a  two-fold  influence: 

<i.  Depending  on  the  thickness,  the  filling  prevents  the 
interlocking  of  the  fracture  asperities. 

b^.  It  possesses  its  own  characteristic  properties,  i.e., 
shear  strength,  permeability,  and  def ormational  char¬ 
acteristics. 

The  following  aspects  should  be  described:  type,  thickness,  continuity, 
and  consistency. 

15.  Continuity  of  discontinuities  influences  the  extent  to  which 
the  rock  material  and  the  discontinuities  separately  affect  the  behavior 
of  the  rock  mass.  In  the  case  of  tunnels,  a  discontinuity  is  considered 
fully  continuous  if  its  length  is  greater  than  the  width  of  the  tunnel. 
Consequently,  for  continuity  assessment,  the  length  of  the  discontinuity 
should  be  determined. 

Groundwater  conditions 

16.  In  the  case  of  tunnels,  the  rate  of  inflow  of  groundwater  in 
gallons  per  minute  per  1000  ft  of  the  tunnel  should  be  determined,"’  or  a 
general  condition  can  be  described  as  completely  dry,  damp,  wet,  dripping, 
and  flowing.  If  actual  water  pressure  data  are  available,  these  should 

be  stated  and  expressed  in  terms  of  the  ratio  of  the  water  pressure  to 
the  major  principal  stress.  The  latter  can  be  either  measured  or  deter¬ 
mined  from  the  depth  below  surface,  i.e.,  the  vertical  stress  increases 
with  depth  at  1.1  psi  per  foot  of  the  depth  below  surface. 
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Rock  Structure  Rating  -  KSR  Concept 


17.  Tlu*  KSK  Concept ,  developed  In  the  United  States  In  1^77  by 
Wickham,  Ttedemann,  and  Skinner,  '  is  based  on  the  following  three 
parameters : 

a.  Pa r ame ter  A.  (General  appraisal  «>t  rook  structure  is 

based  on: 

11)  Rock  type  origin. 

(7)  Rock  hardness, 

1 1)  Geological  structure. 

h  .  Parameter  I'.  1H  scout  inu  1 1  y  pattern  with  respect  to  the 

direction  ot  tunnel  drive  Is  based  on: 

ill  Joint  spacing. 

I »’  1  Joint  orientation  1st  tike  and  dip). 

I  11  IMi ect ton  ot  tunnel  drive. 

i^.  Parameter  C.  Kited  ot  groundwater  inflow  is  based  on: 

ill  Overall  quality  ot  rock  due  to  parameters  A  and  I' 
combined. 

I I  Condition  ot  .loint  surfaces. 

III  Amount  ot  water  ini  low  lin  gallons  per  minute  per 
toot  ol  the  tunnel). 

Although  the  definitions  ot  the  above  parameters  wore  not  explicitly 
stated  by  the  proposers,  most  of  the  data  needed  are  normally  included 
in  a  standard  |oint  survey.  Howe vet,  it  is  recognized  that  the  lack  ot 
the  definitions  mav  lead  to  some  contusion.  An  input  data  worksheet  tor 
the  KSK  Concept  is  shown  in  figure  1'.’. 

rv- System  tot  Tunnel  Support 

IS.  The  iv» System,  which  was  developed  in  Norway  tn  1S74  by 
liar  ton.  Men,  and  l.unde,  determines  the  lock  mass  quality  -  termed  Q  - 
as  a  function  ol  six  parameters;  la)  RQl',  i b  1  number  ol  )olnt  sets, 
lc)  roughness  ot  the  weakest  joints,  id)  degree  ot  alteration  ot  tilling 
along  the  weakest  |oints,  le)  water  tnl low  or  pressure,  and  It)  rock 
stress  condition.  These  six  parameters  are  grouped  into  three  quotients. 


19.  The  first  two  parameters  represent  the  overall  structure  of 
the  rock  mass,  and  their  quotient  Is  claimed  tv'  he  a  crude  measure  ot 
the  relative  block  size.  The  quotient  of  the  third  and  fourth  parameters 
is  said  to  be  related  to  the  shear  strength  of  the  Joints.  The  fifth 
parameter  Is  a  measure  of  water  pressure,  while  the  sixth  parameter  Is  a 
measure  of:  (a)  loosening  load  In  the  case  of  shear  zones  and  clav- 
bearing  rock,  (hi  rock  stress  in  competent  rock,  and  (cl  squeezing  and 
swelling  loads  In  plastic  Imcompetent  rock.  This  sixth  parameter  Is 
regarded  as  the  "total  stress"  parameter.  The  quotient  of  the  fifth  and 
sixth  parameters  Is  regarded  as  describing  the  "active  stress."  An 
input  data  worksheet  for  the  Q-System  Is  shown  in  Figure  111. 


CLASSIFICATION  INPUT  DATA  WORKSHEET 
Q-SYSTIM 


Project  Name: _ 

Site  of  Survey: _ 

Structural  Region: _ 

Sta. _ 

Sta. _ 

Sta. _ 

Sta. _ 

ROCK  QUALITY  DESIGNATION 

Average  RQD  =  _ % 

Range  =  _ % 


ROUGHNESS  OF  JOINTS 


Rough  or  irregular 

Smooth 

Slickensided 

Undulating 

Planar 

Not  continuous 

Wall  rock  contact 

No  wall  contact 

FILLING  AND  WALL  ALTERATION 


Tightly  healed  joints 

Unaltered,  staining  only 

Slightly  altered 

Silty  or  sandy  coatings 

Clay  coatings 

Sand  or  crushed  rock  filling 

Stiff  clay  <5mm 

>5mm 

Soft  clay  <5mm 

>5mm 

Swelling  clay  <5mm 

>5mm 

Conducted  by: 

'ate: 
Rock  Type: 


JOINT  SETS 


Massive  rock,  no  or  few  Joints 

No.  of  Joint  sets  present 

Additional  random  Joints  exist 

Rock  heavily  fractured 

Crushed  rock 

WATER  CONDITIONS 


Dry  or  minor  inflow 

Medium  inflow 

Large  inflow,  unfilled  joints 

Large  inflow,  filling  washed  out 

Exceptional  transient  inflow 

Exceptional  continuous  inflow 

Approx,  water  pressure:  lb/sq  in. 

STRESS  CONDITIONS 


Low  stress,  near  surface 

Med.  stress:  o,/^  =  10-200 

High  stress:  o  / o.  =  5-10 
c  1 

Weakness  zones  with  clay 

Shear  zones 

Squeezing  rock 

Swelling  rock 

Stress  values  if  determined: 

°vert .  °horz . 

GENERAL 


Uniaxial  strength  of  rock  material 

Tensile : _ psi 

Compressive : _ psi 

Strike  and  dip  orientation  of  the  weakest  joints 

Average  strike  _  Average  dip  _ 

Dip  direction  _ 

Figure  B3.  Input  data  worksheet  for  the  Q-System 
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APFKNDtX  C:  CASK  HISTORY  DATA 
PARK  RiVKR  TUNNEL 


Table  l'l 


1'eseript  ion  of  Kook  Typos. 


Hod  bha  1  e/p.  i  1  (  :. I  our  :  The  dominant  rook  t  .vpo  in  rodd i  sh-hrown  shale 
slltst.one.  The  shale  contains  sandy  phases  and  in  intorboddod  with 
gray  r< halos  and  thin  sandstones .  It  in.  thin  boddod  and  calcareous. 

Cal  cite  fills  t  lu>  opon-bodding  pianos.,  Joints,  and  fractures.  The 
shales  ,'ti'o  usually  wo  1 1  cemented  and  mode rat  i'ly  liai’d,  but  s.omo  /.on  os 
aro  classiftod  as  soft  and  woak.  Tlio  s.andy  phasos  aro  mostly  oompotont 
and  hard  to  vory  hard,  {’halo  samples  from  soar  t ho  intake  exhibited  a 
slnking-ltko  art  ion  whon  submerged.  This.  is.  attributed  to  stress  re¬ 
lit'!'  by  coring.  bedding  strikes  roughly  north-south  and  generally  dips. 
It'  to  .'0  dog  to  th«'  oust  but  with  I  oral  variations. 

Grav-lll  aek  Gha  1  os. :  dray  and  sometimes  black  shales  are  intorboddod 
with  the  rod  shales.  They  are  thin-boddod  and  similarly  oriented.  The 
beds  are  thinner  than  the  rod  beds  and  wore  used  as  markers  to  corre¬ 
late  between  boreholes.  dray  shales,  are  calcareous,  moderately  hard  (o 
soft  and  are  similar  in  physical  properties,  to  the  rod  shales. 

bands  t  ones. :  Thin  whitish  to  gray  calcareous  sandstone  bods,  aro  com¬ 
mon  within  the  shales.  Many  s.andy  /ones  appear  to  correlate  between 
boreholes,  and  were  used  as  markers..  The  bods,  are  hard  but  somet  imes 
show  some  solution  act  ivity  and  l oca  1 i zed  concent  rated  Joint  ing.  Vari¬ 
ations  include  a  coarse  rod  sandstone  (arkese)  and  a  thin  /one  of 
intorboddod  volcanic  sandstone  and  shale  that  won'  encountered  in  only 
two  boreholes. ,  but  in  no  other  borings. . 

bar,  a  Its:  basalt  flows,  near  the  intake  shaft  are  oriented  consistent 
with  the  local  st  rat  i  graphy  although  structural  mod  i  f  i  cat  ions,  are 
apparent.  They  are  usually  gray  and  olive  gray  (locally  black), 
slightly  vesicular  and  nonves.  i  cular ,  calcareous,  hard,  and  contain 
headed  hairline  fractures  throughout.  bocal i/ed  broken  and  weathered 
zones,  occur. 

Aph.au  i  t  e :  This,  gray  fine-grained  to  glassy  rock  type  oeeurs  in  bore¬ 
hole  KD-9T  between  the  depths  Iff  and  l M  feet.  Its  origin  is.  uncer¬ 
tain  and  it  occurs,  in  '/.one  with  unresolved  structural  discontinuities. 

It  is  hard  to  very  hard  but  also  contains  numerous  irregular  healed 
hairline  fractures,  borne  /.ones  may  be  slightly  weathered  and  less 
dense . 
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Summary  of  Rock  Properties 
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BORE  HOLE  PHOTO  LOO  (An  example) 


NAME 

Park  River  Tunnel 


BORING  NO. 

PP-8-T 


LOCATION 

Hartford,  Connecticut 


‘  DAT*  PHOTOGRAPHED 

TRIS  SETTING 

CONDITION  OF  BORING 

Nov  27-38,  1U7S 

5.6  and  U.O 

Good 

OEPTH  PH0T0GRAPM1P 

WATER  OEPTH 

WATER  CONDITION 

3R.0  to  2;?0.u' 

Flowing  nt  Surface 

Clear 

FEET  CASING  (in  PhotoP 

FEET  CONCRETE  Tin  PlTtoT 

FEET  ROCK  (In  Photo) 

<*>.0-  39.0' 

None 

39.0-220.0* 

DEPTH  RANGE 

DESCRIPTION 

111. •'-1*0. C  Jt.,  :'t r .  N  US  "E,  dip  80  °NW,  1/8"  at  top  to  1/30"  at  bottom,  healed 
with  white  material  (smooth',  planar,  terminates  at  bedding  .'t .  at 
bottom 


1*5 . 2-1*6 . 3 

Gray-green  rock 

U6.2 

Bedding  Jt.,  Sti 

1*6,  3-160.0 

Park  gray  rock  < 
At  51  feet  rock 

S3*  6 

Jt.  Str.  N  70  °] 
planar 

•  .  ■  -  : 

Jt . ,  Str .  N  20  4 
rough,  planar 

si*.3-sU.7 

Jt.,  Str.  N  30  ' 
material,  rough 

56.2-56.3 

Jt.,  Str.  about 
rough,  irregulai 

56 .  r -57.9 

Jt.,  Str.  N  30  ' 
material,  rough 

58.1*-5Q.  3 

Jt . ,  Str.  N  10  ' 
rough,  planar 

50.1 

Jt.,  Str.  N-S,  v 
irregular 

SO. 0-59. 5 

Jt . ,  Str.  N  10  4 
rough,  planar,  c 

60.7-61.5 

3  Jt s, ,  Str.  N 

mat  erial 


Figure  Cl.  Typical  drill  log 
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Project  Naae: 

Conducted  by:  A.  N\c!.. 

Site  of  Survey  '••*'"•  '  '  '  . 

I'kite : 

:‘t  ructura  1  Kenton:  **  : ' '*  *  *  4 

Kook  Type 

Sta.  • 

St  a. 

JOINT  SKI'S 

St  a . _ 

Hassive  rooKt  no  or  fev  Joints  j 

Sta.  _ _ 

No .  of  Joint  set s  pre  i 

1 — 

Additional  random  Joints  exist | 

pH: 

rock  ^ua:  :n  :'ksicnat:cn 

Kxvk  heavily  f raptured _ 

Average  RviP  *  :  t 

Crushed  rock _ 

r  j 

Ran^e 


WATKK  CON’fiTK'NS 


HCIVHNESS  OK  JOINTS 


Siotuth  -  r  irregular 

Smoot  h 

k  1  i a* kens  i vi r xi 

fndulat  ’.Uh 

_ 

Jlauar  J 

Not  continuous 

Veil ;  rook  oontaot 

L  ] 

>u  wa.I  contact 

_ 1 

t'ry  or  minor  tnflov 

Medium  inflow 

J .srAr  inflow,  unfilled  Joints 

| 

r.-arne  inflow,  filling  washed  out 

_ j 

jExv* ept  i  ona 1  t  vans  i ent  \ nf  1 .  v 

iKxoept  tonal  continuous  inflow 

wHtrr  pressure:  lb  Sx^  In.] 

STKKSo  iVNPITlx'NS 


KILLING  AN l’  WALI  ALTKKAT10N 


rsshti.v  healed  Joints 

Unaltered,  staining  . 

Ills 

Slightly  altered 

Silty  or  sandy  coat  in*: 

►_  i 

.  -".ay  postings 

Sard  or  crushed  rook 

au-'t 

[■tiff  o'. ay  ''am 

J  Nsmm 

!  'ft  clay  'Sma  , 

i_\s^ 

h 

f'wel  1  lr.£  o  lad  'I'tmo  [ 

l  \s««  , 

_ i 

[low  stress,  near  surface 

- 1 

Med.  stress:  o 

<\  *  10--00 

it! 

L  i 

ni £h  stress:  o 

°1  *  s-10 

n 

Weakness  rones 

v  t  h  o  1  ay 

t'Mear  rones 

tLjuee:  ln^  rock 

— 

I've 1  ins  rock 

— 

_ j 

Stress  values  i 

!*  xirtemi  ued : 

| 

Invert.  N  ■* 

.V-,  . 

l 

GHNKKAL 

Uni  ax  la  I  strength  of  rook  material 
N  A 


Lrr.  s  1 1  e 


_r»i 


Compressive :  5, '00  p  s  1 

Strike  and  dip  orientation  of  the  weakest  Joints 

Averse  strike  v-w  Average  dip  LC _ 

IHp  direction  ;;  to  Ny 

F ijiuto  i- J  (shoot  3  of  J) 


0'Ot  No.  0  lias 
largest  Joint 
openings. 
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CLASSIFICATION  INPUT  DATA  WORKSHEET 


Q-SYSTEM 


Project  Name:  Park  River  Tunnel 
Site  of  Survey:  Hurt l'-'nl .  Coim. 
Structural  Region: Subregion  I ( t> ) 

Sta.  91+Y0-90+2b _ 

Sta.  89+3‘)-88.  _ 

Sta .  ‘L'-t-SO-Vi'V  1  u _ 

Sta.  5b+6U- J I  »I0 _  _ ~ 


ROCK  QUALITY  DESIGNATION 

Average  RQD  =  80  y 

Range  =  _  20-100  % 


ROUGHNESS  OF  JOINTS 


Rough  or  irregular 

Smooth 

Slickensided 

Undulating 

Planar 

_/ 

Not  continuous 

Wall  rock  contact 

No  wall  contact 

FILLING  AND  WALL  ALTERATION 


Tightly  healed  Joints 

2 

Unaltered,  staining  only 

» 

Slightly  altered 

Silty  or  sandy  coatings 

Clay  coatings 

Sand  or  crushed  rock  filling 

Stiff  clay  <5mm 

>5mm 

Soft  clay  <5ram 

>5mm 

Swelling  clay  <5mm 

Conducted  by:  p .  a.  Nichnlia.n _ 

Date :  _ _ _ 

shale  and/or  shale  ami 
Rock  Type :  sandstone  i  nt .■■rhcd:. 


JOINT  SETS 


Massive  rock,  no  or  few  Joints 

No.  of  Joint  sets  present 

Additional  random  Joints  exist 

Rock  heavily  fractured 

Crushed  rock 

WATER  CONDITIONS 


Dry  or  minor  inflow 

Medium  inflow 

/ 

Large  inflow,  unfilled  Joints 

Large  inflow,  filling  washed  out 

Exceptional  transient  inflow 

Exceptional  continuous  inflow 

Approx,  water  pressure:  lb/sq  in. 

STRESS  CONDITIONS 


Low  stress,  near  surface 

Med.  stress:  o  /  =  10-200 

/ 

High  stress:  0  /o,  =  5-10 
c  1 

Weakness  zones  with  clay 

Shear  zones 

Squeezing  rock 

Swelling  rock 

Stress  values  if  determined: 

•*50  + 

°vert.  132  psi  N/A 

GENERAL 


Uniaxial  strength  of  rock  material 

Tensile: _ N/A  pal 

Compressive:  8900  nst  (avg) 

Strike  and  dip  orientation  of  the  weakest  Joints 

Average  strike  N10E  Average  dip  _ 

Dip  direction  GE _ 


Figure  C3  (sheet  3  of  3) 
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CUSSIFICATIC* 


Figure  C4.  Data  input  worksheets.  Subregion  1(c)  (sheet  1  of  3) 
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CLASSIFICATION  INCUT  DATA  WORKSHEET 


H-SYSTW 


ProJ ec t  Name :  lark  River  Tunnel 
Site  of  Survey:  Hartford,  Conn. 
Structural  Region:  Subregion  He) 

Sta-  03+10- i*1P1 _ 

St  a. _ _ 

Sta. _ _ 

Sta-  _ 


ROCK  QUALITY  DESIGNATION 

Average  RQD  " _ '•  % 

Range  *  _ 30-100  > 


R0U0HNESS  OF  JOINTS 


Rough  or  irregular 

V 

Smooth 

Slickensided 

Undulating 

Planar 

* 

Not  continuous 

Wail  rock  contact 

Nv  ill  contact 

FILLING  AND  WALL  ALTERATION 


L  Tightly  healed  Joints 

* 

» 

I  Silty  or  sandy  coatings 

Clay  coatings 

■ 

"-mm 

rrrn v—  i  ■ 

■ 

'•Rmm 

W  t1 

_ 

Conducted  by:  0.  A-  Nicholson 

Date : _ 

Roc  k  Type : _ _ _ 


JOINT'  SETS 


Massive  rock,  no  or  few  Joints 

rz 

No.  of  Joint  sets  present 

r~ 

Additional  random  Joints  exist  1 

Lfl.; 

Rock  heavily  fractured 

Crushed  rock 

WATER  CONDITIONS 


Dry  or  minor  inflow 

1 

'tedium  inflow 

» 

large  Inflow,  unfilled  Joints 

Large  inflow,  filling  washed  out 

Exceptional  transient  inflow 

Exceptional  continuous  inflow 

STRESS  CONDITIONS 


Low  strews,  near  surface 

Sled,  stress:  o^/a  =  10-200 

» 

High  stress:  0  /o,  *  S-10 
c  1 

Weakness  zones  with  clay 

Shear  zones 

iwmim  — — 

Swelling  rock 

GENERAL 


Uniaxial  strength  of  rock  material 

Tensile : _ _ psi 

Compres s i v e '-4000-6000  PS i  (as s umed  1 

Strike  and  dtp  orientation  of  the  weakest  Joints 

Average  strike  NO jK  Average  dip  .’0 

Dip  direction  sk _ 


Figure  CM  (sheet  3  of  3) 
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Project  Name.  bilk.  »"■■■.■  runnel 
Site  of  Survey,  [jar  t  lord..  Coim. 
Structural  Hr* U'n  j 

St*-  o^«.>o-o-«;o _ . 

St* .  -W’.'-iw+Sl- _ 

St*.  ’'T*10-M'*00 _ 

I't*. _  _ -  - 

RvVK  ^'Aim  l'K:>UvNAT\ON 
Averatfr  K«Jl'  ■  _ '  t 

Range  »  _ **3j 


Ooiuluet  ed  by  jUUidlmai,. 

Pate: _ 

t'OO  k  (’I  ■  i  ~. »  .*■  *.  .’I . '  -*  .. 

an. I  01  ea  ah  tntert'e.!:. 
JOINT  SKTS 

Maaelve  r.yK,  no  or  few  Joint » 

No.  of  .'.-ml  «et»  pre»ent _ 

A>1«t  1 1  Ion* l  random  J_oUlt  a  rxlat 
Rock  h*»vl.b  fractured 
Oruahed  look 

VJATKK  SORTITIONS 


SRNKRAl 

Unlavlal  strength  of  rook  materia! 

Vena  tie  N.A  l'»l 

0>««l'rea*lve  ■  j  ON  j>al 

Strike  an.t  .111'  orientation  of  t  lie  weakest  Joint  a 

Average  atrlke  N_i  \  Average  .III'  k  A 
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Figure  C7  (sheet 


CLASSIFICATION  INPUT  DATA  WORKSHEET 


^-SYSTEM 


Project  Name: _ i  ark  Liver  Tunne! 


Conducted  by:  I.  A.  Nich,  Ison 


Site  of  Survey:  iiartf  r.i. 
Structural  Region: _ j _ 

Sta  ■  '  1  ♦  I  0-. 1  '♦  1C _  _ 

Sta. _ 

Sta. _ 

Sta. _ _ _ 


ROCK  QUALITY  DESIGNATION 

Average  RQD  =  _ "-1  % 

Range  *  _ .  % 


JGHNESS  OF  JOINTS 


(Rough  or  irregular 

r 

pmooth 

plickensided 

(Undulating 

■I 

planar 

fg 

(Not  continuous 

|jj| 

Wall  rock  contact 

iNo  vail  contact 

Wm 

FILLING  AND  WALL  ALTERATION 

[  Tightly  healc  1  Joints _ •_ 

[  Unaltered,  staining  only  » 

I  Slightly  altered 
■  Silty  or  sandy  coatings _ i_ 


Clay  coatings 

Sand  or  crushed  rock  filling)  | 


JH  1  ■'III1—  1  '  ■ 

j  r  ■'iri'—r"-B 

■i 

■ 

aa 

■ 

■ 

Date: _ 

Rock  Type:-;hale  with  i nterbedded  uand- 
stone 


JOINT  SETS 


Massive  rock,  no  or  few  Joints 

No.  of  Joint  sets  present 

Additional  random  Joints  exist 

Rock  heavily  fractured 

Crushed  rock 

WATER  CONDITIONS 


Drv  or  minor  inflow 

rz 

Medium  inflow 

Large  inflow,  unfilled  Joints 

» 

m  win  — 

Exceptional  transient  inflow 

Exceptional  continuous  inflow 

Upprox.  water  pressure:  lb/sq  in.| 

STRESS  CONDITIONS 


Med.  stress:  0  / a  =  10-200 
c  1 

/ 

High  stress:  0  / 0,  =  5-10 

Shear  zones 

_ i 

ZJ 

Swelling  rock 

~1 

GENERAL 


Uniaxial  strength  of  rock  material 

Tensile:  N  A  psi 

Compressive:  ^ ’’GO _ psi 

Strike  and  dip  orientation  of  the  weakest  Joints 

Average  strike  u  <  tv  Average  dip  .  _ 

Dip  direction  •>'v _ 


Figure  C7  (sheet  3  of  3) 


In  accordance  with  letter  from  DAEN-RDC,  DAEN-ASI  dated 
22  July  1977,  Subject:  Facsimile  Catalog  Cards  for 
Laboratory  Technical  Publications,  a  facsimile  catalog 
caTd  in  Library  of  Congress  MARC  format  is  reproduced 
below. 


Bieniawski,  2  T 

Tunnel  design  by  rock  mass  classifications  /  by  2.  T. 
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Input  Data  for  Rock  Mass  Claaslf lcations 


112.  Input  data  to  enable  rock  mass  classification  by  the  RSR 
Concept,  the  Geomechanlcs  Classification,  and  the  Q-System  are  listed 
In  Figures  C2  through  C4,  Appendix  C.  The  data  are  presented  for  each 
structural  region  anticipated  along  the  tunnel  route.  The  best  average 
ground  condition  (Table  23)  vas  subdivided  Into  two  separate  regions, 
basalt  zones  and  shale  zones.  Station  limits  for  each  zone  are  shown 
in  Figure  18. 

113.  Paragraph  deleted. 

114.  It  should  be  noted  that  all  the  data  entered  on  the  clas¬ 
sification  Input  sheets  have  been  derived  from  the  borings,  Including 
Information  on  joint  orientation  and  spacing.  This  was  possible  because 
borehole  photography  was  employed  for  borehole  logging  In  addition  to 
the  usual  core  logging  procedures.  However,  considerable  effort  was 
required  In  extracting  the  data  from  the  geological  report  for  the 
classification  purposes  since  engineering  geological  Information  was  not 
systematically  summarized  In  the  form  of  classification  input  work 
sheets. 


Assessment  of  Rock  Mass  Conditions  by  Classifications 

115.  Rock  mass  classifications  In  accordance  with  the  Terzaghi 
Method,  the  RSR  Concept,  the  Geomechanlcs  Classification,  and  the 
Q-System  are  performed  in  Tables  19,  20,  21,  and  22,  respectively,  and 
are  summarized  In  Table  23. 
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